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Transactions of magnesium (Mg) along the gastrointestinal tract and the effect of change in 
potassium (K) intake were recorded in two in vivo experiments in sheep and cattle. 
Additional infonnation on the sensitivity to K intake was obtained by comparing Mg 
transport and electrochemical properties of isolated rumen epithelia of sheep and cattle in 4 
additional in vitro experiments. 
The experiment described in Chapter 2, and perfonned in sheep housed indoors in 
metabolic crates, investigated the compensatory capacity of the intestine to respond to the 
reduction in Mg absorption from the stomach as a consequence of increase in K intake. 
The animals were equipped with a ruminal cannula and two intestinal cannulae (duodenum 
-and ileum) and flow of digesta was measured by the addition of two indigestible markers, 
chromium ethylenediaminetetra-acetic acid (Cr-EDTA) and ytterbium acetate (Yb). The 
animals were infused in a Latin square design for periods of 10 days with a solution of K 
bicarbonate that provided between 15 and 47 g of KJday. The diet consisted of a 50:50 
combination of concentrates plus lucerne hay that provided around 3.7 g ofMg per day and 
15 g of K per day. After 5 days of infusion samples of feed, faeces, urine and plasma were 
collected and analysed for Mg and K content. After 6 days of infusion, samples of 
duodenal and ileal flow were obtained. 
The treatments reproduced the detrimental effect of K on Mg absorption, especially in the 
rumen; a rise in K intake from 15 to 23 g/day reduced total Mg absorption from the 
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gastrointestinal tract from 1.36 to 1.23 g/day, further increase in K intake to 38 and 47 
g/day reduced absorption to 1.12 and 1.05 g/day, an overall reduction of around 50% in 
Mg apparent availability. Magnesium was mainly absorbed in the stomachs and large 
intestine with the small intestine a site of net secretion. Most of the reduction in Mg 
absorption with increase in K intake occurred in the stomachs, reducing from 1.86 to 1.11 
g/day. A compensatory reduction in the 'net secretion ofMg from the intestines (small and 
large) was observed. This compensation was largely due to reduction in net secretion from 
the small intestine, from 0.85 to 0.22 g/day, rather than an increase in net absorption from 
the large intestine, although both se~ents acted synergistically. 
Results also suggested significant individual variation in plasma Mg concentration, urinary 
Mg excretion and in the flow and absorption of Mg along the gastrointestinal tract. It was 
suggested that most of that variability was due to genetic factors. 
Differences between species (cattle and sheep) were pursued during the course of the 
experiment described in Chapter three. Four triple cannulated rams and 3 triple cannulated 
dry cows were placed in metabolic crates, fed daily fresh-cut pasture and infused, in a total 
randomised design that provided the equivalent of an intake of 30,40 and 50 g ofK per kg 
dry matter intake (DMI) per day. Solutions of K (as K bicarbonate) and markers (Cr-
EDT A and Yb acetate) were infused continuously for a period of 10 days;· after 5 days of 
infusion samples of pasture, faeces, urine and plasma were collected and analysed for Mg 
and K content. After 6 days of infusion, samples of duodenal and ileal flow were obtained. 
Total feed offered, refusals and water consumption were recorded daily. 
Results showed a greater sensitivity of cattle to the increase in K supply. A rise in K supply 
from 30 to 40 g per kg DMIIday reduced Mg absorption by almost 50% from 0.32 to 0.16 
g per kg DMIIday, whereas only the highest treatment dose (50 g of K per kg DMIIday) 
produced the same deleterious effect in sheep. The absorption of Mg occurred mainly in 
the stomachs and large intestine; in contrast the small intestine was a site of net secretion in 
both species. The addition ofK slightly reduced the rate ofMg absorption from the rumen, 
especially in cattle. Similarly, net Mg secretion within the intestines increased with 
increasing K intake in both species, only to be counterbalanced by a greater Mg absorption 
from the large intestine. The large intestine in both species (sheep and cattle) reduced 
faecal losses of Mg but was unable to fully compensate for the reduction in Mg absorption 
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from the stomach or the greater net Mg secretion observed at the small intestine. 
Differences between species in water content of the faeces were observed to be mainly 
related to the moisture content of the digesta that reached the ileum rather than a result of 
differences in absorption in the large intestine. 
More evidence of species differences in Mg transport and of sensitivity to K intake were 
obtained by using isolated rumen epithelia and the Ussing chamber technique. Transport 
and electrophysiological properties of the tissues were observed in standard conditions and 
by adding different K concentrations to the mucosal side. Under standard conditions and 
open-circuit voltage, sheep isolated rumen epithelia had greater transmural potential 
difference (PDt), and lower conductance (Gt) but similar short-circuit current (lsc) than 
those from cattle. These results suggested that the rumen epithelium of cattle is leakier than 
that of sheep. Measurement of the transport of Mg showed that isolated rumen epithelia of 
cattle transported more Mg and was saturated at higher Mg concentrations (12 vs 4 mM) 
than sheep epithelia. These differences in Mg influx (transport from mucosa to serosa) 
were also observed in studies of Mg transport using stable isotopes. Magnesium influx 
(transport from mucosa to serosa) from the isolated rumen of cattle was greater than in 
sheep (57.5 ± 12.72 vs. 17.3 ± 12.72 nmol.cm'2.h'I); however this was counterbalanced by 
a greater Mg efflux (transport from serosa to mucosa) of 48.1 ± 12.72 vs. 9.9 ± 12.72 
nmol.cm,2.h,l, for cattle and sheep respectively, when mucosal K concentrations were 
around 25 mM. 
A increase in K concentration on the mucosal side enhanced transmural potential 
difference (PDt) and short-circuit current (lsc) to a greater extent in sheep than in cattle, 
suggesting a greater effect of K on sheep than on cattle epithelia. On the other hand,' the 
transport of Mg measured by stable isotopes suggested that net absorption of Mg (7.4 ± 
12.72 vs. 11.1 ± 12.72 nmol.cm'2.h'l) in sheep epithelia was similar at 25 and 50 mM ofK 
on the mucosal side, whereas net Mg influx in cattle was largely depressed as a 
consequence of a reduction in Mg influx (mucosa to serosa) from 57.7 ± 12.72 to 2.9 ± 
12.72 nmol.cm'2.h'l together with a constant Mg efflux (serosa to mucosa) 48.1 ± 12.72 
and 41.2 ± 12.72 nmol.cm,2.h'l, presumably leaving through a paracellular shunt. However, 
this finding was based on date from a small size and caution should be applied to this 
conclusion. 
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In conclusion, data collected from several comparative studies suggest differences in Mg 
apparent availability between sheep and cattle and also a greater sensitivity of cattle to an 
increase in K intake. This high sensitivity to K represents a great risk of hypomagnesaemia 
in dairy cattle in New Zealand where high K concentration is endemic in pastures. Most 
importantly, these results suggest that models for Mg metabolism in cattle should be based 
on measurements from cattle nutritional and physiological studies rather than on 
extrapolation from sheep studies. 
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Introduction 
Because of its abundance in the body and its chemical and physical properties, magnesium 
(Mg) is an essential mineral in ruminants (Underwood & Suttle, 1999). It has several 
physiological and more than 300 biochemical functions; for instance, the promotion of 
catalytic activities of proteins, enzymes and ribosomes that are involved in the metabolism 
of proteins, carbohydrates, lipids and nucleic acids. Magnesium also participates in the 
structural stabilisation of proteins, nucleic acids and cell membranes (Grace, 1983a; 
Cowan, 1995); in the extracellular space Mg is involved in nerve conduction, muscular 
contractions, in maintaining cellular integrity and in promoting transport function in the 
intestine (Grace, 1983a). 
Magnesium deficiency is the most frequent metabolic problem in dairy farms of the south 
of Chile, where 38% of dairy cattle with metabolic disorders around calving have an 
associated hypomagnesaemia (Wittwer et al., 1987; Wittwer et al., 1993). In New Zealand 
it is associated with considerable losses in the dairy industry; for instance, between 36 to 
48% of cattle during early lactation can have hypomagnesaemia and between 11 and 17% 
have been considered to be at risk of tetany (Feyter et aI., 1986). The clinical signs of 
hypomagnesaemia, the hypomagnesaemic tetany or 'Grass tetany' is seen in dairy cattle 
especially but also in sheep around parturition and during early lactation (Wittwer et al., 
1993), and are characterised by spastic contraction of muscular masses and sudden death of 
animals (Grace, 1983a). In beef cattle these can also be seen during mid-pregnancy when 
offered low intakes of low quality forages, such as straws. The common early signs that 
precede tetanic convulsions are anorexia, dullness, weak bellowing and, in cattle, an 
abnormal carriage and flicking of the ears (Herd, 1966; McCoy et al., 200lb). The signs 
that follow the tetanic convulsions in sheep and calves include the head thrown back, 
paddling movements of the legs, hyperaesthesia, nystagmus, muscle tremors and 
accelerated heart and respiratory rate (Blaxter et al., 1954; Herd, 1966) which, in a few 
hours, can result in death of the animal from cardio-respiratory failure (Contreras, 1982). 
Therefore, knowledge of the exact requirement of ruminants and how to improve the 
generally low apparent availability of Mg in diets (Henry & Benz, 1995) is an important 
goal to improve supplementation strategies and enhance herd health. 
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. Several attempts have been made, with more or less success, to generate a field tool that 
could define need for and the optimal time for supplementation of animals (Caple & ~ 
Halpin, 1985). With that objective in mind, mathematical models are being developed to 
describe quantitative aspects of Mg metabolism in sheep (Robson et at., 1997; Robson et 
at., 2004). The model has focused on Mg absorption from the rumen and has incorporated 
a second compartment, the hindgut, indrcating the importance of the sheep's large intestine 
in Mg absorption (Robson et at., 1997). However, when this model was scaled to cattle 
(Bell et aI., unpublished data), it predicted more rapid decline in plasma Mg concentrations 
than observed in practice, sugg~sting differences between sheep and cattle in the 
absorption or conservation ofMg within the gastrointestinal tract (Laporte et at., 2001). Re 
examination of data has suggested that use of net Mg flux across sections of the digestive 
tract oversimplified the quantities of Mg secreted into the gastrointestinal tract and their 
reabsorption (Dua & Care, 1998; Bell et at., 2001; Laporte et at., 2001). It seems that our 
narrow concept of net requirement needs to be expanded to a dynamic level in which the 
Mg intake, the fluxes of Mg within the gastrointestinal tract and the kidneys are integrated 
in the physiological regulation ofMg status of central body pools. 
The following pages reVIew Mg metabolism in ruminants, Mg balance in the body 
(absorption, exchange and losses), the effects of Mg deficiency and the factors that can 
reduce or enhance apparent availability of Mg and Mg status in ruminants with the aim of 
clarifying concepts and to allow better prediction of requirements. 
Magnesium distribution in the body and its homeostasis 
Magnesium, along with K and Na, is an extensively distributed cation in the body: For 
example, the bodies of a 55 kg sheep and a 400 kg cow contain about 18 and 180 g of Mg, 
respectively. Around 70% is associated with the skeleton, 25% with the muscle mass and 
only around 1 % within the extracellular space (Grace, 1983a). Since Mg metabolism is not 
considered to be under hormonal control, the fast refill of extracellular fluids was believed 
to be dependent on the storage pools in the bone and tissues. However, studies with 
radioactive isotopes of Mg eSMg) have shown that the exchangeable Mg pool from the 
bone and soft bone is much smaller than the total body Mg content (Care et al., 1965). 
Hence, Mg exchange from this pool is limited (less than 0.18 g and 1.8 g in sheep and 
- .; •. -'. ,....-..... _~-' "-. I 
.. -.-, ...... ---_._._-.-.-_ ... 
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cattle) and unable to compensate for losses from the extracellular space associated with 
milk production or for low rates of absorption (Schweigel & Martens, 2000). 
Plasma Mg concentration 
The hypomagnesaemic condition IS understood to be present when the plasma Mg 
. 
concentration of an animal is less than 0.6 mM (1045 mg/dl). However, plasma Mg 
concentration is kept almost constant at around 0.75-0.96 mM (1.8-2.3 mg/dl) in cattle and 
0.92-1.17 mM (2.2-2.8 mg/dl) in sheep (Carlson, 1989), primarily due to homeostatic 
mechanisms in the kidneys which, at high rates of Mg absorption increase Mg urinary 
excretion (Chester-Jones et ai., 1989) and at lower rates of absorption reduce excretion to 
minimal values. In addition, high rates of Mg intake and therefore plasma Mg 
concentration enhance faecal Mg excretion in both sheep (Field, 1962; L'Estrange et ai., 
1967) and cattle (Shockey et ai., 1984), resulting from another mechanism of homeostasis 
involving increased secretion of Mg into the intestinal tract or reduced reabsorption of 
these secretions (Allsop & Rook, 1979). 
Magnesium in the cerebro-spinaljluid and the relationship with tetany 
Hypomagnesaemia per se is not necessarily associated with 'grass tetany'. Tetanic 
convulsions appear to be observed only when Mg concentration in cerebro-spinal fluid 
(CSF) falls below 0.5 mM in sheep (Pauli & Allsop, 1974; McCoy et ai., 2001a) and 004 
mM in cattle (Allsop & Pauli, 1985; McCoy et ai., 2001b). However, there are instances in 
which blood Mg concentrations below 0.3 mM have been associated with CSF 
concentration greater than 0.6 mM (McCoy et ai., 2001a; McCoy et ai., 2001b) probably 
due to an active transport ofMg into the CSF (Allsop & Pauli, 1985). 
Milk Mg secretion 
One of the important drains of Mg from the body is in milk. Studies have estimated that 
cattle can secrete most of their plasma pool into milk in one day and, as a consequence, 
lactating animals are more susceptible to tetany than non-lactating animals (Rook et ai., 
1964). In fact, soon after transfer of lactating animals to a low Mg diet, they became 
hypomagnesaemic and presented signs of tetany faster than non-lactating animals (McCoy 
et ai., 2001a; McCoy et ai., 2001b). Despite hypomagnesaemic conditions, however, the 
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Mg concentration in milk remains almost steady throughout lactation, though values 
reported for individual experiments in the literature range from 4.11 to 6.17 mM (10 to 15 
mg/dl) , with extremes reported to range from 0.82 to 9.46 mM (2 to 23 mg/dl) (Fox & 
McSweeney, 1998). Some experiments have suggested that, in Mg deficient cows, the total 
amount of Mg secreted each day is less than in normal cows due to a reduction in milk 
* production rather than in milk Mg concentration (McCoy et al., 2001a), although a 
reduction in milk production has not been always reported in hypomagnesaemia (Rook et 
aI., 1964; Oluokun & Bell, 1985). 
Experiments have shown a benefit of Mg supplementation for milk production, although 
the effects recorded have been small (Young & Rys, 1977). The effect of 
hypomagnesaemia on milk production could operate through the relationship between Mg 
and calcium (Ca) mobilisation. Several studies have observed a decline of Ca 
concentration in the blood that generally occurs only a few days before the episode of 
tetany (L'Estrange & Axford, 1964; McCoy et al., 2001a; McCoy et aI., 2001b). 
Simultaneous reduction in Mg and Ca concentration in the blood could be related to the 
fact that the absorption of both elements seems to be affected by similar mechanism 
(Wadhw:a & Care, 2000). However, there is also evidence that hypomagnesaemia interferes 
with the release of parathyroid hormone (PTH) and the activation of vitamin D in the 
kidney (Sansom et al., 1983), which depresses the capacity for Ca mobilisation from bone 
and absorption from the intestines (Contreras et al., 1982). These phenomena per se do not 
cause hypocalcaemia but generate conditions in which animals can not respond adequately 
to a hypocalcaemic stimulus such as milk production. In fact, hypocalcaemic animals have 
a reduction of appetite and milk yield (Underwood & Suttle, 1999) and supplementation 
with Mg to prevent losses in production associated with hypocalcaemia is often adopted in 
clinical practice. 
Magnesium supplementation has been observed to have direct effects on milk fat 
production (Young & Rys, 1977; Young et aI., 1981). Mg supplementation has been 
shown to influence the proportions of volatile fatty acids produced in the rumen by a direct 
buffering effect. Magnesium has been observed to promote acetate production at the 
expense of propionate which results in higher uptake of acetate and triglyceride by the 
mammary gland, and therefore higher milk fat production (Caple & Halpin, 1985). 
18 
Urinary Mg excretion 
It has been stated that any Mg absorbed in excess of daily requirement will be excreted in 
the urine and not stored in the body (McLean et aI., 1984). In this condition, the maximum 
tubular Mg reabsorption is considered constant and, along with filtration rate, is fixed to a 
threshold concentration in the plasma . .The renal threshold for Mg has been estimated as 
0.7 - 0.8 mM (1.80 - 1.90 mg/dl) in cattle (Rook & Storry, 1962) and 0.6-0.8 mM (1.40 -
1.90 mg/dl) in sheep (L'Estrange & Axford, 1964). Within the kidney about 80% of the 
total plasma Mg is filterable through the glomerular membrane. Reabsorption occurs in the 
proximal tubule (10 to 15%) and in the loop of Henle (60%), but the distal tubule (10%), 
the terminal site of absorption, is considered to playa major role in limiting the total 
amount excreted, especially in hypomagnesaemic conditions (Quamme & de Rouffignac, 
2000; Dai et aI., 2001). 
Because the urinary route of excretion is the major mechanism regulating Mg retained in 
the body, Mg excretion is positively correlated with plasma Mg concentration, and 
decreases at low plasma Mg concentrations in cows (Kemp et al., 1961; Towers, 1982; 
Thielen et al., 2001). Because it reflects the Mg absorbed in excess of current requirement 
Ufinary Mg excretion is a good indicator ofMg absorption (van Ravenswaay et al., 1992). 
In other words, increasing Mg intake leads to greater urinary Mg excretion indicating the 
rise in Mg absorption from the gastrointestinal tract. 
Effective methods for using urinary Mg excretion (concentration or total excretion) to 
assess the status of a specific animal and prevent Mg deficiency are still elusive. Individual 
animals can show a characteristic pattern or 'footprint' of excretion, suggesting genetic 
variation between animals either in Mg absorption or in the renal threshold (Field & Suttle, 
1979; Thielen et al., 2001). The kidneys, however, only regulate the amount of Mg 
retained by the body. The amount of Mg absorbed is dependent on conditions within the 
intestinal tract, as will be shown in the following sections. 
Endogenous faecal losses of Mg 
The net endogenous faecal loss of Mg (Mg-EFL) into the gastrointestinal tract is the result 
of the equilibrium between the rate of endogenous secretions and their rate of (re) 
absorption. The resultant of these rates, net Mg-EFL, is mostly unknown although for 
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convenience it was considered to have a constant magnitude in ruminants of around 3 
mg/kg of BW/day ARC (1980). However, as will be seen this concept is an over 
simplification of a more complex process. 
Nutritional and physiological basis of the absorption of magnesium along the 
gastrointestinal tract 
Solubility of Mg along the gastrointestinal tract 
Studies with isolated rumen epithelium and different sources of Mg have show Mg to be 
transported into the cell only in the free and in the ionised form (Leonhard et al., 1990). 
The ultrafiltrable Mg fraction of the digesta contains all the ionised Mg and therefore that 
fraction which is available for absorption. However, this changes along the intestinal tract 
in accordance with changes in pH (Storry, 1961b). For instance, Ben-Ghedalia et al. (1975) 
observed that the solubility of Mg within the small intestine is maximal between the 
pylorus and 7 metres after the pylorus within the pH range from 2.6 to 7.02 and decreased 
according to the rise in pH. This also appears to be the case with caecal digesta and rumen 
contents in which a decrease in pH has been associated with an increase in Mg solubility, 
reflecting the greater solubility ofMg in acid solutions (Grace et al., 1977; Hom & Smith, 
1978; Dalley et ai., 1997a). Acidification of the rumen contents occurs with fermentation 
and degradation of organic matter and this effect could enhance Mg solubility and 
therefore availability for absorption (Ben-Ghedalia et ai., 1975; Hom & Smith, 1978; 
Johnson et ai., 1988). The major change in solubility observed in vitro occurs around pH 
5.5-6.0 and pH 6.5-7.0 for ruminal and caecal samples, respectively (Figure 1) (Dalley et 
ai.,1997a). 
On the other hand, greater solubility ofMg due to reduction of pH, does not always mean a 
greater cellular absorption. For instance, it was observed that low pH «5.0) depressed Mg 
uptake by reducing the activity of Na/K ATPase, the enzyme responsible for energising 
cellular Mg absorption (Gabel et aI., 1987). However, this effect could in theory be 
mitigated by possible physiological compensatory mechanisms within the rumen that have 
been observed when animals were fed with diets rich in carbohydrates (Gabel et al., 1987), 
such as increasing papillae size and high activity of carbonic anhydrase, though there is no 
evidence to relate morphology with functional capacity. 
20 
120 120 
'" !f}~o. •• v I : Grass I '" .j • V I : 
Grass 
:;; Hay :;; Hay 
'0 100 fk~ tie V Concentrates '0 100 ...... Vt"".?v Concentrates JlI 
" V 0 V :t\;., JlI ~-. , II> .. II> '" 80 .. 80 0 0 DO :;; .2' 
j§ ~o ." 0 j§ o ., £ 60 2 
.5 80 
V. .5 0 
C o • • ~ o • ~ 40 !v. • ~ 40 Bo 'l, ... :c o~'Q:, V~ • 
" 
• :c 
0 ~~; V ~ " 0 Off ~ V Vl 20 0 Vl 20 
'" '" o'bo V :;; A ;j 0 ",,"~.~ ..... :;; B vOv V 
10 12 14 10 12 14 
pH pH 
Figure J: In vitro effect of pH on the solubility of Mg in the rumen (AJ and caecum (B) in sheep offered 
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Magnesium transactions along the gastrointestinal tract 
A review of nutritional and physiological experiments shows that Mg fluxes along the 
gastrointestinal tract of ruminants had the following pattern: a net Mg absorption from the 
stomach and hindgut area and net secretion into the small intestine (Figure 5, page 38). 
This pattern differs from monogastric animals in which the major site of absorption is in 
the intestines, specifically the lower small intestine and large intestine (Schweigel & 
Martens, 2000). 
During the transition from pre-ruminant to ruminant status, Mg absorption as a percentage 
ofMg intake decreased from almost 90% to 50% in lambs (Smith, 1959) and from 75% to 
21-27% in calves (Dillon & Scott, 1979) and was associated with a shift in the site ofMg 
absorption to a site prior the intestine (Dillon & Scott, 1979). In other words, in the process 
of becoming ruminants (the development of a functional rumen) animals appear to lose the 
ability to absorb Mg in the intestine; explanations for this could be the refill of the plasma 
pool of Mg as a result of an adequate absorption from the forestomach that could enhance 
rate of Mg secretion into, or reduce rate of absorption from the intestine. However, this 
may explain only some of this loss in function; changes in the diet (from milk to solid 
food) also cause changes in apparent absorption of Mg and increases in Net-EFL (Smith, 
1959), probably related to the rise in concentration of other minerals or the low solubility 
of Mg in grass diets (Figure 1) which has been observed in caecum of sheep (Dalley et al., 
1997a). In addition, the K concentration in milk is around 1.5 gil and 1.7 gil in cows and 
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ewes, respectively, whereas after weaning diets will contain more than 10 times these 
amounts of K. After weaning, however the major site of Mg absorption appears to be 
almost entirely prior to the duodenum, especially the rumen in sheep (Ben-Ghedalia et al., 
1975; Tomas & Potter, 1976c; Field & Munro, 1977) and the rumen and omasum in cattle 
(Rogers & yan't Klooster, 1969; Hom & Smith, 1978). 
On the 'other hand, the quantitative analysis of data on Mg flows in the literature from 
cannulated animals (Figure 2) allows the hypothesis that a 'compensatory' absorption of 
Mg probably occurs in the intestines when Mg absorption from the rumen is reduced, 
based on a linear but negative relationship between net Mg absorption from the rumen and 
net Mg absorption from the intestine (small plus large) in both sheep and cattle. These data 
must be viewed with caution since comparison of data from different nutritional studies 
could result in misleading measurements of net flow or net absorption at different 
segments due to differences in cannulation sites, techniques and markers and therefore 
generate a false assumption of association between these variables. In addition, the 
calculation of net appearances and disappearances at consecutive sites are not independent 
of errors in measurement at a common site. For example, overestimation of flow at the 
duodenum will lead to underestimation of absorption from the forestomach and 
overestimation of absorption from the intestines. Nevertheless, the fact that 35 to 50% of 
variation in absorption from the intestine can be explained by variation in the rate of 
absorption from the rumen does suggest a degree of interdependency. The fact that the data 
indicate net secretion from the intestine at high rates of absorption from the stomach may 
suggest that the transactions in the intestine are involved in Mg homeostasis. 
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(Kemp et aI., 1973; Greene et al., 1983b; Grace, 1988; Rahnema et al., 1994; Khorasani et aI., 1997) and 
sheep (Pfeffer et al., 1970; Grace et aI., 1974; Greene ~t aI., 1983a; Ivan et al., 1983; Rahnema & Fontenot, 
1983; Wylie et al., 1985; Rahnema & Fontenot, 1986; Grings & Males, 1987; Hurley et al., 1990; Rahnema 
& F<!ntenot, 1990; Kirk et al., 1994; Dalley et al., 1997b). 
Magnesium transactions in the rumen 
Net Mg absorption at sites in the alimentary tract is the resultant of two unidirectional 
flows: one from the lumen to the blood and vice-versa. Physiological experiments in vivo 
and in vitro have shown that luminal Mg uptake from. the rumen is driven by' two 
mechanisms. The first is a potential difference (PD) dependant process or an electrogenic 
mechanism, probably a channel or a carrier (Martens et al., 1978; Care et al., 1984; 
Martens et aI., 1987a). This mechanism appears to act at low ruminal Mg concentration 
and passively drives Mg into cells of the rumen wall (Figure 3). The second proposed 
mechanism is a PD-independent process or electroneutral mechanism. This is considered to 
provide about 60% of all the Mg uptake in sheep (Leonhard-Marek et al., 1998; Schweigel 
et aI., 1999; Schweigel & Martens, 2003), and is associated with the transport of short-
chain fatty acids (SCF A) and carbon dioxide (C02) that may indirectly stimulate Mg 
absorption by increasing the activity of a vacuolar H+-ATPase system (Schweigel & 
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Martens, 2003). Additionally, it has been established that Mg extrusion from rumen cells 
into the blood-stream is an active ATP-dependent process, related to the activity of the Na-
K ATPase (Figure 3) (Martens & StOssel, 1988). Contrary to this flow, Mg secretion back 
into the rumen occurs down an electrochemical gradient via the paracellular space and this 
produces a small but steady Mg losses (Martens & StOssel, 1988). 
2- 4mMMg 
PDa = -55 mV PDb = -70 mV blood fll m O,75-0,92mMMg 
Mg2+ .. -.... -------- .......... ;.-.-.------............ ---------......... -.. --- •. ---,. Mg'1+ 
K+ K+ 
I\I1g-" 
[Mg2+1i 
= 
0.8 - 1.2 mM -1<+ 
=I: CI·/HC03- Na+ 
Mg2+ =I: Mg2+ 
2H+"'- H+ Na+ 
M 92+ ................ - •• _ .......................... --..................... _ ..................... -.-- _ •• __ m" Ivl 9 '1+ 
j ( 'i PDt 20-60 mV ~-------~------~-
Figure 3: Model of cellular Mg uptake in rumen epithelia. The figure shows a ruminal epithelial cell. the 
apical side (ruminal fluid). the basal side (blood) and the different routes of transport. i.e. cellular (through 
cells) and paracellular (between cells). The electrochemical charge of the cell. the transepithelial potential 
difference (PDt). is generated by the charge at the apical side (PDa) plus the charge at the basal side (PDb). 
and the paracellular resistance. On the apical side cells present K channels (black); the putative mechanisms 
at the apical site include the electrogenic mechanism (channel) and the electroneutral mechanism (*) 
associated with the transport of anions. On the basal side NaIK·ATPase actively drives Mgfrom the cell into 
the blood and powers the whole system. Overall Mg concentration (dark) is higher in ruminal fluid than in 
cells; the cellular Mg concentration is maintained steady between 0.8-1.2 mM as a result of the active Mg 
outflow fi'om cells into the blood. Adaptedfrom Schweigel & Martens (2000). 
The effect of K on Mg absorption from the rumen 
Of all the factors associated with Mg deficiency in ruminants, dietary potassium (K) is the 
one that has consistently had the major effect in reducing apparent absorption of Mg 
(Greene et aI., 1983b; Underwood & Suttle, 1999). Pasture concentrations ofK typically 
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range from 10 to 45 glkg DM but can vary widely, reflecting first the concentration ofK in 
the soil, which could vary with fertiliser application and slurry dispersal and second, the 
stage of growth of plants (Underwood & Suttle, 1999). For instance, in the United 
Kingdom the range of K concentration in grass is from 10 to 60 with a mean of 31 g Klkg 
DM (Greene et al., 1983b); in New Zealand mean values of 42.1 g Klkg DM have been 
reported, and even the lowest value observed (35 g Klkg DM) was higher than many 
values observed worldwide (Feyter et al., 1986). In the south of Chile pasture 
concentrations ranging from 28 to 36.7 g Klkg DM have been reported (Balocchi et al., 
2001). Essentially, K is an intrace~lular ion associated with cell contents. Well managed 
highly digestible vegetative swards will have high K content reflecting the high ratio of 
cellular to structural plant material. 
Nutritional studies have shown that an increase in dietary K concentration (6, 24, 48 glkg 
DMIIday) can produce a 3-fold reduction in Mg apparent availability[(Mg intake - Mg in 
faeces)*100/Mg intake] (28.7, 20.9, 7.87%, respectively) in steers (Greene et al., 1983b) 
and 2-fold reduction (41.8, 32.6, 25.9%, respectively) in sheep (Greene et al., 1983c). 
When expressed as a percentage of intake, Mg absorption rose by 0.56 percentage units 
with eaGh reduction of 1 g Klkg DM in cattle (Schonewille et al., 2002). Increasing dietary 
K concentration from 10 to 40 g/kg DM has been associated with reductions in plasma Mg 
concentration, reductions in urinary Mg excretion and with increased faecal Mg output 
(Tomas & Potter, 1976a; Grace, 1988). The reduction in urinary excretion is explained by 
the reduction in Mg absorption and plasma Mg concentration. However, reductions in 
plasma Mg concentration due to high K intake have not been observed consistently and 
probably depend on the level ofMg intake (House & Van Campen, 1971). The increase in 
faecal Mg output appears not to be attributable to competitive K absorption, for instance, 
the utilisation of the same route of transport and the competition for transporters. The 
intravenous infusion of K (simulation of high rates of absorption) did not affect Mg 
absorption from the digestive tract (Rahnema & Fontenot, 1990). Additionally, isotopic 
studies e8Mg) showed that this enhancement of Mg losses in the faeces was not due 
greater endogenous losses of Mg into the gastrointestinal tract in sheep (Powley et al., 
1977). Therefore, increased faecal loss of Mg was a direct effect of the presence of K 
within the gastrointestinal tract. Since infusion of K at sites of the gastrointestinal tract 
other than the rumen did not have the same detrimental effect, the site of effect must be the 
rumen (Tomas & Potter, 1976a; Wylie et al., 1985). Within the rumen, high K 
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concentration does not affect Mg solubility (Grace et ai., 1988), Mg distribution in 
fractions of digesta (Ram et ai., 1998), or Mg concentration in rumen liquor (Hom & 
Smith, 1976). The reduction in Mg absorption appears to be explained by a direct effect of 
K in depolarising the apical membrane of cells of the rumen wall, thus increasing 
transepithelial PD and reducing net Mg uptake (Leonhard-Marek & Martens, 1996). 
In practice, Mg supplementation is used to overcome the deleterious effect of high K 
intake. The amount of reduction in Mg absorption induced by high dietary K was similar at 
Mg intakes between 1.3 and 3.7 glkg DM, showing that Mg supplementation does not 
affect the inhibitor effect of K, but increases the availability of Mg for absorption (Ram et 
al., 1998). These authors postulated an increasing activity of the electrogenic mechanism 
of Mg transport, which is not affected by the increase in K intake (Schweigel & Martens, 
2003). 
Magnesium transactions distal to the rumen 
The net contribution of the intestines to Mg absorption in adult ruminants is small, but 
nevertheless significant. Nutritional studies have shown that an increase of Mg load into 
the intestine (duodenum or infusion into the large intestine) increases net absorption distal 
to the rumen in sheep (Tomas & Potter, 1976b; McLean et al., 1984; Dalley & Sykes, 
1989). For example, McLean et al. (1984) observed a 33 to 41 % enhancement in the net 
Mg absorption from the intestine with a diet containing 3.3 to 4.3 g Mglday. It seems that 
once the ruminal absorption mechanisms have become saturated, around 4 to 5 mM in 
sheep (Care et al., 1984), the excess will escape to the intestine and Mg absorption at this 
site can increase proportionally. In fact, studies in sheep using Mg sources that es.cape 
ruminal degradation (Mica-Mg) showed that Mg was equally well absorbed (41.9%) as 
other sources that did degrade in the rumen, such as Mg citrate (43.6%) or Mg hydroxide 
(42.4%) (Hurley et aI., 1990). 
Why then do several studies report large net secretion of Mg in the small intestine and a 
small if any contribution of the whole intestine to Mg absorption? Different authors have 
suggested that intestinal Mg secretions, mainly in the first part of the small intestine, mask 
the contribution of the intestine to Mg absorption (Care, 1965; Grace, 1983b), because they 
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are greater than the overall absorption III this segment, therefore a net secretion is 
observed. 
Endogenous Mg losses can occur along the whole digestive tract (Storry, 1961a; Care, 
1965; Kemp et al., 1973) and arise mainly from secretions of glands, organs and 
desquamated cells that discharge their contents into the gastrointestinal tract (Storry, 
1961a). For instance, the rumen receives saliva, representing, daily, around 25 to 30% of 
the Mg present in the extracellular fluid of sheep (Dua & Care, 1998). Also, the small 
intestine receives the contributions from Brunner's glands, bile and pancreatic juice that 
add a large quantity of minerals and water (Storry, 1961a; Harrison, 1962; Care & van't 
Klooster, 1965). They contribute to an increase in pH of the abomasal digesta (Harrison & 
Hill, 1962). Additionally, degradation of food in the abomasum produces millions of 
osmotically active molecules that drive transactions of minerals and water inside the 
duodenum. Those secretions probably provide the major contributions to endogenous 
faecal losses ofMg since they occur distal to the rumen, the main site ofMg absorption. 
True Mg secretion is difficult to assess, because secretion and reabsorption are continuous 
processes. However, experiments with slaughtered animals, in which the gastrointestinal 
tract is divided anatomically, and the contents collected and analysed, have shown that the 
amount secreted in the small intestine could be as much as twice the intake in sheep (Sklan 
& Hurwitz, 1985) and estimates of net secretion of Mg into the small intestine, based on 
data from experiments with slaughtered calves, range between 1.1 and 7.8 glday (Perry et 
aI., 1967). In a summary of the literature of work using sheep surgically equipped with 
cannulae to enable sampling from within the intestine, Laporte et al. (2001) estimated that 
net secretion into the small intestine ranged from trace to 11 mg of Mglkg BW/day. 
On the other hand, utilisation of the double infusion technique of addition of 28Mg to the 
feed and to the bloodstream has shown a progressive fall in specific activity of the total 
digesta along the small intestine, indicating that around 75% of Mg secreted in the 
proximal small intestine was reabsorbed in the distal regions (Field, 1961). The same 
conclusion was obtained by using slaughtered animals, around 63% of the Mg secreted was 
rapidly reabsorbed down the small intestine (Sklan & Hurwitz, 1985), which is not 
surprising considering that in most animals the digesta is almost isotonic by the time it 
reaches the ileum (Smith, 1966). These observations support the idea of a passive transport 
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of Mg within the small intestine (ileum) of sheep (Care & van't Klooster, 1965). A 
proportion of the Mg secreted into the small intestine remains unabsorbed and this is called 
net endogenous secretion. 
The large intestire receives Mg leaving the small intestine and can reduce the amount of 
endogenous and dietary Mg excreted in faeces. Mg absorption from the hindgut has been 
confirmed by rectal Mg infusion, which raised plasma Mg concentration and urinary Mg 
excretion in deficient animals (Reynolds et aI., 1984; Bacon et al., 1990). Also, studies 
with cannulated sheep have shown that increasing Mg concentration in the large intestine 
by Mg infusion, linearly increased rate of absorption from this site (Tomas & Potter, 
1976b), and increase plasma Mg concentration and urinary Mg excretion (Dalley & Sykes, 
1989). Several nutritional studies in sheep have suggested that net Mg absorption from the 
large intestine could be constant and of low efficiency, which could denote passive 
diffusion or an active mechanism saturated at low Mg concentration (~10 mM) (Dalley & 
Sykes, 1989; Wachirapakom, 1995). 
However, despite this increasing evidence for compensatory Mg absorption in the intestine 
(small and large intestine) at high K intake or high Mg intake (Grace et aI., 1974; Dalley et 
al., 1997b), the factors affecting Mg absorption from the intestine and its contribution to 
Mg homeostasis has been poorly investigated. In fact, there are no physiological studies to 
elucidate routes or mechanisms of Mg absorption in the intestines of ruminants, possibly 
because the combined intestinal (small and large) Mg absorption was considered to be 
incomplete and incapable of sustaining plasma Mg concentration (Field & Munro, 1977). 
The concept of endogenous faecal losses of magnesium 
As discussed, and from recent reviews of the literature it can be suggested that the concept 
of a fixed rate used by ARC (1980), could have overestimated the true endogenous loss 
and therefore underestimated ability for Mg homeostasis particularly at low Mg intakes or 
rates ofMg absorption (Bell et al., 2001; Laporte et al., 2001). 
In quantitative nutritional terms, and assuming net endogenous loss of Mg of around 3 
mg/kg BW/day, net Mg-EFL is a major component of the net daily requirement of 
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ruminants (Table 1) representing between 30 to 100% depending on the nutritional and 
physiological status of the animal (Laporte et aI., 2001). 
Table 1: Net requirement and net Mg endogenous faecal loss (Mg-EFL), for animals in 
different physiological status based on estimates of requirement of ARC (1980). Adapted 
from Laporte et al. (2001). 
Body weight Milk production Total Net Net Mg-EFL Mg-EFL as % of A'nimal (kg) (kg/day) requirement (g/day) total net dietary (f!./day) requirement 
Cow Friesian 500 10 2.5 1.5 60 
Cow Friesian 500 20 3.5 1.5 43 
Cow Friesian 500 30 4.5 1.5 30 
Sheep lactating 75 3 0.65 0.2 29 
Sheep maintenance 60 - 0.2 0.2 100 
Therefore, continuous Mg absorption from the gastrointestinal tract is the most important 
source of Mg for daily maintenance requirement in ruminants; an understanding of the 
balance between true secretion and absorption (net Mg-EFL) and the factors that could 
reduce the net balance along the gastrointestinal tract are important for addressing means 
to improve Mg availability and to provide adequate Mg supplementation. 
The requirement for magnesium and its apparent availability from different sources 
Requirement of magnesium in ruminants 
Because of the strict relationship between intake of Mg and its plasma concentration, the 
Mg requirements of ruminants have been established according to the minimum intake 
required to sustain adequate plasma Mg concentrations (Ammerman & Henry, 1983). 
Table 2 summarise the estimation of Mg requirement estimated from balance studies, 
isotopes experiments and slaughtered trials in sheep and cattle. These requirements can 
vary with different factors such as level of production, age, physiological stage, growth 
rate and species (1980; Grace, 1983a). For instance, net dietary Mg requirements are 
considered to vary between 1.4 and 2.5 glkg feed DMIIday for lactating dairy cows, 
between 1.0 and 1.3 glkg feed DMIIday in pregnant cows and in lactating and non-
lactating sheep from 1.2 to 1.8 glkg feed DMIIday and 0.8 to 1.8 glkg feed DMI, 
respectively ARC (1980). Dietary Mg intakes greater than 5 glkg DMIIday have been 
observed to result in toxicity in lambs (Chester-Jones et al., 1989) and calves (Gentry et 
aI., 1978; Quillan et aI., 1980). Magnesium toxicity in lambs fed diets containing 12 to 24 
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. glkg DM of Mg and in calves fed diets containing 10 to 40 glkg DMIIday of Mg generated 
anorexia, weight loss and diarrhoea of various degrees of severity. Dietary Mg intakes 
lower than 0.2 glkg DMIIday in sheep (Ritchie et a!., 1962; L'Estrange & Axford, 1964; 
McCoy et al., 2001a) and in lactating cows of less than 0.77 glkg DMIIday of Mg were 
associated with low plasma Mg concentration· (Storry & Rook, 1963; Rook et al., 1964; 
Pauli & Allsop, 1974; Allsop & Pauli, 1985; McCoy et al., 2001b). 
Table 2: Estimations of the amount of Mg associated with the endogenous losses, growth, 
pregnancy and lactation in sheep and cattle. Adapted from CSIRO (1990). 
Component Units Sheep Cattle 
Endogenous faecal losses mg of Mg/kg BW 3 3 
Growth g of Mg/kg gain 0.41 0.45 
Lactation g of Mg/kg milk 0.17 0.12 
Pregnancy 
Early 0.01 0.12 
Middle Increment (g/d) 0.03 0.21 
Late 0.05 0.33 
Magnesium apparent availability 
Several methodologies and definitions have been used to estimate Mg availability in diets 
and supplements. The amount of Mg consumed which does not appear in the faeces (Mg 
intake minus Mg faeces) is the amount of Mg apparently absorbed. This, however, is 
different from the amount of Mg actually absorbed (true availability), which also involves 
estimation of the amount of Mg secreted into the tract and which is not reabsorbed (net 
endogenous loss). True availability is therefore Mg intake minus Mg in faeces plus net 
endogenous faecal losses of Mg. On the other hand, because so little Mg can be stored in 
the body, in non-lactating animals urinary Mg excretion is well correlated with Mg 
absorption and its estimation is less variable than the faecal excretion. Some authors 
suggest therefore that urinary excretion gives a more accurate method for prediction of Mg 
availability (Ammerman & Henry, 1983; van Ravenswaay et al., 1989) . 
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Figure 4: The effect of Mg intake (g/kg DM1/day) on the Mg excretion as indicated by (e) urine or (0) faeces 
in sheep (A) and cattle (B). References of cattle (Rook & Balch, 1958; Rook et aI., 1958; Rook et aI., 1964; 
Moore et al., 1971; Kemp et al., 1973; Bertoni et al., 1976; Kemp, 1983; Khorasani & Armstrong, 1992) and 
sheep (Field et aI., 1958; Field, 1962; L'Estrange & Axford, 1966; Dutton & Fontenot, 1967; Madsen et aI., 
1976; Stevenson & Unsworth, 1978; Reid et al., 1979; Greene et al., 1983c; Rahnema & Fontenot, 1983; 
Moseley & Griffiths, 1984; Reid et al., 1984; McLean et al., 1985; Wylie et al., 1985; Greene et aI., 1986; 
Giduck & Fontenot, 1987; van Ravenswaay et al., 1989; Khorasani & Armstrong, 1990; Kirk et al., 1994; 
Hemy & Benz, 1995; Dalley et aI., 1997b; Schonewille et al., 1999). 
The question remains as to whether an increase in Mg intake could affect Mg apparent 
availability or, as studies with sheep have suggested, an increased rate of intake (500 to 
800 g organic matter/day) could enhance Mg availability, presumably by increasing 
intestinal Mg absorption following saturation of ruminal Mg absorption processes (Grace 
& MacRae, 1972). A compilation of data from the literature of experiments that have used 
different sources and amounts of Mg allows the conclusion that a linear and positive 
relationship exists between Mg intake and Mg excretion in the urine and faeces in both 
ruminant species (Figure 4). For instance, the mean values for apparent availability of Mg 
Qbserved in cattle was lower than in sheep when either the urinary excretion ofMg (12.4 ± 
0.64% vs. 18.7 ± 1.10%) or the faecal excretion of Mg (22.7 ± 0.79% vs. 26.6 ± 1.18%) 
was used as an indicator of the apparent availability of Mg. These results suggest an 
underestimation of the actual apparent availability by using the urinary excretion or an 
overestimation by using the faecal excretions (Figure 5). Field (1962) attributed the errors 
between methods to the greater sampling error in the estimation of excretion of Mg in the 
faeces. Similarly, nitrogen balance studies in sheep showed that the failures in collection of 
urine and in the determination of dermal losses generated over or under estimations of 
around 2 to 3% of the total determination of urine and faecal nitrogen (Martin, 1966). 
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Figure 5: The relationship between the estimation of apparent availability of Mg by urinary excretion (g/kg 
DMI/day) or intake minus faecal excretion (g/kg DMI/day) in sheep (.) and cattle (0). References as in 
Figure 4. 
However, in the same analysis of the data from Figure 4, the animals from the different 
studies were divided in those that received any source of supplemental Mg and those 
simply fed basal diets. The data were also classified into 3 different physiological stages, 
growing, adult or lactating animals (Table 3). Descriptive statistics of the results suggest 
that supplemental Mg was associated with high Mg apparent availability and retention, 
although the capacity for absorption is modulated by the physiological status of the animal. 
For instance, animals that are growing rapidly appeared able to absorb a greater proportion 
of Mg contained in the diet than adult animals (Table 3). An explanation for that could be 
related to the greater rate of tissue turnover and deposition (retention), which may 
moderate endogenous losses. In fact, estimations of apparent availability of Mg by the 
urinary excretion method were similar to values obtained by using the faecal excretion 
only in adult animals. In growing or lactating animals the apparent availability of Mg 
calculated by urinary excretion was smaller than the apparent availability calculated by the 
faecal excretion of this mineral. Probably the former reflected the excess of Mg in the diet 
rather than the amount of Mg being absorbed and underestimate the greater requirement of 
animals for growth (deposition on tissue) and production (milk). 
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Table 3: The effect of supplementation and physiological status on the apparent 
availability of Mg (mean ± SEM) as indicated by urinary excretion (AA U) or the faecal 
excretion (AAF), the retention as a percentage of the intake (AR) and plasma 
concentration of Mg also is showed. References as in Figure 4. 
Species Values 
Unsupplemented Supplemented 
growing adult lactating growing adult lactating 
N' 16 141 3 6 
observations - -
AAU - 20.3±1.75 11.2 ± 0.62 32.2 ± 4.83 - 10.5 ± 1.20 
Cattle AAF 22.8 ± 3.09 22.4 ± 0.82 40.5 ± 4.09 19.1 ± 2.44 - -
AR - 2.56 ± 4.28 3.01 ± 0.76 8.26 ± 1.13 - 5.80 ± 1.80 
Blood (mM) - - 0.93 ± 0.01 0.96 ± 0.04 - 0.91 ± 0.04 
N' 29 32 12 56 16 7 
observations 
AAU 16.6 ± 2.36 1l.8±1.79 10.3 ± 1.38 25.4 ± 2.03 22.2±1.72 12.2 ± 4.36 
Sheep AAF 23.1 ±2.95 15.0 ± 2.87 23.0 ± 3.27 35.2 ± 1.22 28.5 ± 2.47 28.4 ± 2.96 
AR 6.46 ± 2.02 4.26 ± 1.47 2.33 ± 7.20 13.6±1.30 6.28±1.63 16.2 ± 3.28 
Blood (mM) 1.00 ± 0.02 1.04 ± 0.02 0.81 ± 0.02 1.16 ± 0.08 0.92 ± 0.15 0.87 ± 0.01 
Therefore, in the interpretation of the results obtained from balance studies must take in 
account the physiological status of the animals, although the diet and the supplementation 
will be the main factors that drive the amount of Mg offered to the animals (intake), the 
absorption, utilisation and excretion of Mg will depend on the specific requirement for Mg 
of those animals. 
The apparent availability of Mg on different diets 
Differences between feeds in apparent availability could be related to factors such as the 
intrinsic concentrations of minerals in the grass, and speed of degradation and release of 
minerals in the rumen, etc. Feeds have been observed to have characteristic Mg 
concentrations and Mg apparent availability (Reid, 1983). In general, legumes contain 
more Mg than grasses and a greater apparent availability of Mg has been observed from 
concentrate and roughage diets than in fresh forages (Reid, 1983); some representative 
values are presented in Table 4. 
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Table 4: Magnesium apparent availability from differences sources of feed for ruminant. 
Adaptedfrom Reid (1983). 
Sources 
Fresh grass or grass hay 
Legumes 
Mixed concentrates plus roughages 
Fresh forages grass-legume mixed pasture or 
hays 
Range of Mg apparent 
availability 
-0.04 to 0.66 
0.05 to 0.40 
0.09 to 0.54 
Most of the 
values 
0.10 to 0.38 
0.20 to 0.36 
0.15 to 0.30 
0.08 to 0.29 
The amount of Mg available for absorption in the rumen will depend on the intrinsic Mg 
concentration in pasture (Reid et a,1., 1987). Plants with high intrinsic Mg concentration, 
such as leguminous plants, could generate a greater ionic concentration in the rumen, and 
this probably leads to higher rates of Mg absorption, thought not necessarily a higher 
coefficient of absorption. However the total ionic concentration will depend on the speed 
of degradation of the ingested forage and of release of minerals in the rumen. For Mg a 
two-stage process has been suggested (Reid, 1983). In the first stage, and within 12 h, a 
major Mg fraction, 60 to 80% of total Mg, is released from forage into the rumen; in the 
second stage a minor proportion is released following digestion of the cell walls (Emanuele 
& Staples, 1990). Ruminal Mg release is slower than for K, but considered to be faster than 
for Ca or P, the maximal release occurring between 12 and 36 h (Emanuele & Staples, 
1990; Emanuele et al., 1991). The total rumen release ofMg for all diets could reach 80 to 
95.5% at the end of 48 to 72 h of incubation, but legumes have a higher Mg release rate 
than grasses (Playne et aI., 1978; van Eys & Reid, 1987; Emanuele et al., 1991). High 
ruminal release is only one factor in the overall absorption ofMg and it only represents the 
amount of minerals available for the animal or the ruminal micro-organisms (Schonewille 
& Beynen, 2002). 
Another factor could be related to differences in patterns of Mg absorption along the 
gastrointestinal tract depending on the diet. For instance, sheep fed with maize silage had 
higher absorption and apparent availability ofMg than sheep feds alfalfa silage (Ivan et al., 
1983). This effect was attributed to a greater Mg absorption from the stomach with the 
former diet, rather than from enhanced intestinal absorption. Moreover, sheep fed with 
either hay and spring grass at the same Mg intake had a hypomagnesaemic response only 
with the latter diet due to a reduction in the efficiency of Mg absorption (Grace et al., 
1974). The authors suggested that these changes were unlikely to be due to an effect on 
solubility in the rumen, and probably associated with other factors present in grass such as 
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greater K concentration. However, Dalley et al. (1997a) in studies in which the pH of 
caecal digesta from animals offered grass, hay or concentrates was manipulated in vitro 
observed lower Mg solubility in samples from sheep fed grass than in those fed hay or 
concentrates (Figure 3). Thus, the reduction in apparent availability of Mg observed on 
animals fed hypomagnesaemic diets could be product of a combination of factors which 
influence Mg availability along the ga'strointestinal tract, the importance of which may 
vary with dietary characteristics. 
Sources of Mg supplementation 
There are several sources ofMg used in ruminants for supplementation (Table 5), the most 
common being magnesium oxide and magnesium sulphate (Wittwer et al., 1995a). The 
apparent availability of Mg varies between these different sources, depending on intrinsic 
factors such as size of particles and source. Generally these compounds are compared 
relative to magnesium sulphate (Henry & Benz, 1995). 
Addition of a Mg salt to pasture and silage reduced the incidence of hypomagnesaemia in 
animals (Wittwer et ai., 1997). However, this form of supplementation suffers from 
leaching under rainy conditions, the economical cost of adding the material to the soil and 
the reduction in DM content of any silage harvested. Direct addition ofthe supplements to 
the diet or to drinking water are common ways of providing them to animals, but problems 
of low palatability and lack of need for water intake are commonly reported (Wittwer et 
ai.,1995b). 
Table 5: Magnesium apparent availability from different magnesium sources. Average 
values rounded to nearest '5' and expressed relative to response obtained with magnesium 
sulphate. Number of studies or samples involved indicated within parentheses. Adapted 
from Henry & Benz (1995). 
Source 
Magnesium sulphate 
Magnesite 
Magnesium acetate 
Magnesium basic carbonate 
Magnesium chloride 
Magnesium hydroxide 
Magnesium oxide 
Magnesium mica 
Species 
Cattle Sheep 
lOa lOa 
110(2) 
100 (1) 
25 (2) 
85 (2) 
120(1) 
60 (3) 
75 (18) 
90 (1) 
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Other factors involved in magnesium metabolism 
Effect of sodium deficiency 
A deficiency of sodium (Na) in animals reduces Na concentration in the rumen fluid, not 
only by reduction in intake, but by increasing aldosterone secretion and, thus, changing the 
relative 'concentration of minerals in saliva and increasing Na retention from the urine 
(Martens et ai., 1987b). Saliva is the main source ofNa and K for the rumen. Aldosterone 
reduces the Na concentration of saliva and conversely increases the K concentration 
(Martens et al., 1987b). Therefore, Na depletion could reduce Mg uptake by increasing 
ruminal K concentration in the rumen (Wachirapakorn et al., 1996). Moreover, in 
conditions of high ruminal K concentration, ruminants tend to favour the conservation of 
Na at the expense of other minerals such as Mg by enhancing Na transport within the 
rumen (Leonhard-Marek et aI., 2005). However, supplementation with Na of high K diets 
has provided conflicting results. Intraruminal infusion of Na in sheep (change of Na:K 
ratio) did not increase apparent Mg absorption and aggravated a hypomagnesaemia by 
increasing urinary Mg excretion (Wachirapakorn et al., 1996), probably because there was 
no change in ruminal K concentration which, as shown earlier, has a profound effect on 
Mg transport. 
Effect ofionophores 
Use of ionophores, products that promote and modulate ruminal activity and the activity of 
ruminal microorganism, at normal or high Mg concentration has been shown to increase 
Mg apparent availability in wethers and steers, as denoted by the increase in urinary Mg 
excretion and reduction in faecal Mg excretion (Darden et al., 1985; Greene et al., 1986; 
Greene et aI., 1988). Addition of 20 mg/kg monensin in the feed increased Mg absorption 
by 10% in adult sheep (Kirk et ai., 1985), by 4% in lambs (Kirk et al., 1994), by 7% in 
wethers supplemented with 23 ppm of monensin (Starnes et al., 1984), and by 10% in 
steers supplemented with 33 ppm of lasalocid (Darden et al., 1985). The enhancement in 
Mg absorption occurred mainly in the pre-intestinal region (Darden et ai., 1985; Greene et 
al., 1988). This could be related to the known effect ofmonensin on Na-K ATPase activity 
in cell membranes and, therefore, ruminal cells which may enhance cellular uptake of Mg, 
since this enzyme is directly implicated in active Mg transport (Kirk et al., 1985; Martens, 
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. 1985; Greene et aI., 1988). In addition, Mg retention was enhanced by the addition of 
ionophores (from 6% up to 10% of the intake) that could indicate an increase in metabolic 
demand for Mg as a result the accretion of this mineral in additional growth (Kirk et at., 
1985). 
Effect of dietary lipid 
Addition of lipids to the diet of cows and sheep has been shown to increase faecal 
excretion ofMg and Ca due to the precipitation of these minerals in the formation of soaps 
within the gastrointestinal tract (Wilson et at., 1969). Cows fed with peanut oil had 
reductions in plasma Mg and Ca concentrations (Grace & Body, 1979). However, this 
effect was not observed in sheep in which neither plasma Mg concentration nor Mg 
apparent absorption was changed by the addition of com oil (Grace & Body, 1979). The 
authors suggested that the lack of negative response to high lipid intake was due to the fact 
that soaps are produced beyond the rumen, the main site ofMg absorption. 
Effect of concentration of readily fermentable carbohydrates and nitrogen 
Forages that are associated with a high incidence ofhypomagnesaemia are frequently high 
in both K and nitrogenand low in readily fermentable carbohydrates, which has lead to the 
speculation that high nitrogen diets could decrease Mg absorption (Fontenot et at., 1960). 
Early studies showed a negative relationship exists between nitrogen concentration and Mg 
absorption in lambs (Moore et at., 1972). However, the diets used in this experiment were 
also rich in K, which is likely to have been the primary cause of reduction in Mg 
availability. As reported in later studies, nitrogen does not appear to have a direct effect on 
Mg apparent absorption in animals fed high nitrogen rations. However, it did increase 
urinary Mg excretion due to an increase in urine volume (Reid, 1983). Physiological 
experiments with temporarily isolated rumen of heifers also have shown a direct effect of 
ammonia (NH4) concentration in reducing Mg transport (Martens et at., 1988). However, 
the results of that particular experiment could be influenced by the addition of lithium, 
which is a known depressor of the activity of the Na-K ATPase which, as has been 
discussed, promotes the cellular uptake of Mg. In fact, after the intraruminal infusion of 
NH4 only an acute (1 to 3 days) depression of urinary excretion of Mg in sheep was 
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observed, which could suggest an adaptive process to long-tenn to ~ exposure in sheep 
(Martens & Schweigel, 2000). 
However, diets rich in protein also produce an increase in Mg flow into the intestine which 
could reduce Mg rumen absorption compared with carbohydrate diets (Ivan et ai., 1983). 
Also, a low concentration of readily available carbohydrates can promote a higher NH4 
concentration in the rumen, due to less metabolisable energy available for nitrogen capture 
in microbial protein synthesis. 
On this basis, it can be argued that lack of carbohydrate in the diet could be more important 
for Mg absorption than high rumen NH4 (Wilson et ai., 1969). In fact, numerous reports 
also suggest that supplementation with starch increases plasma Mg concentration in dairy 
cows and Mg apparent absorption in sheep (Pfeffer et ai., 1970; Giduck & Fontenot, 1987; 
Schonewille et aI., 2000). Magnesium absorption in sheep was increased by up to 90% 
when a basal hay ration was supplemented with soluble carbohydrate (Schonewille et ai., 
1997). 
Studies with sheep rumen epithelium have suggested that Mg absorption was dependant on 
the absorption of short chain fatty acids (SCF A) such as butyrate (Bu) , propionate (Pro) 
and acetate (Ac). This dependency is considered to involve an electroneutral mechanism 
that actively drives Mg into the rumen cells, especially at high ruminal Mg concentration. 
This promotion of Mg absorption followed the same pattern of uptake as SCF A uptake (Bu 
> Pro > Ac) by rumen epithelial cells (Leonhard-Marek et ai., 1998). Therefore, 
fermentable carbohydrates provide more ruminal protons for electro neutral exchange with 
Mg ions across the apical surface of the mucosal cell. In fact, recent research in rumen 
epithelial cells has suggested that SCF A stimulate Mg uptake by modulating the activity of 
a vacuolar H+-ATPase which energises a Mg2+/Cl-1 co-transport mechanism (electroneutral 
Mg transport) present in the rumen cells (Schweigel & Martens, 2003). 
Effect of phosphorus content on Mg absorption 
Sheep fed diets with increasing dietary phosphorus (P) concentration (0.12%, 0.24% and 
0.48% DM) had a reduction in Mg apparent availability (18.8%, 21.6% and 6.9%) and 
reducing plasma Mg concentration (Lopes & Perry, 1983). Supplementation with P at these 
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concentrations produces high rumen P concentrations (e.g. above 38 mM), which has been 
suggested to reduce rumen Mg apparent availability due to precipitation and formation of 
insoluble compounds (Axford et al., 1983). Conversely, at low P concentrations (15 to 20 
mM) the Mg absorption across the rumen wall in sheep can be enhanced due to a reduction 
in transmural potential differences (Beardsworth et al., 1989). 
Variation between ruminant species in ability to absorb magnesium 
A summary of the literature has s"!lggested that sheep absorb a greater proportion of Mg 
from feeds than cattle, when this is measured as a percentage of the intake (Adediji & 
Suttle, 1999). This seemed to be true whether they were offered fresh grasses, roughages or 
concentrates. On the other hand, there was evidence that Mg absorption in sheep appeared 
to be more sensitive to increases in dietary K concentration than in cattle. High K intake 
sharply reduced the Mg apparent availability from fresh grass, roughages or concentrates 
in sheep. 
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Figure 6: Relative contribution of different segments of gastrointestinal tract to net Mg absorption (glkg 
DMllday) or secretion (glkg DMllday) in sheep and cattle. (S= stomach area; Sl= small intestine; LI= large 
intestine; 1= sum of small and large intestine). References for studies of cattle: (Rogers & van't Klooster, 
1969; Bertoni et al., 1976; Greene et al., 1983b; Greene et aI., 1988; Khorasani & Armstrong, 1992) and 
sheep: (Pfeffer et al., 1970; Grace et aI., 1974; Grace & Body, 1979; Ivan et aI., 1983; Rahnema & 
39 
Fontenot, 1983; Wylie et ai., 1985; Rahnema & Fontenot, 1986; Khorasani & Armstrong, 1990; Rahnema & 
Fontenot, 1990; Kirk et ai., 1994). 
In an attempt to better understand how specIes differences could anse, the data from 
cannulated sheep and cattle has been used to estimate the contribution of specific segments 
of the gastrointestinal tract (Figure 6). When values were standardised to g/kg feed DM to 
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allow comparison across species the results suggest that cattle, due to a possible larger 
secretion ofMg within the small intestine and a small (re) absorption in the large intestine, 
are more dependent than sheep on the absorption ofMg from the stomach. 
Physiological studies, although direct species comparison have not been made, do provide 
evidence to suggest differences in capacity of absorption from the rumen and differences in 
importance of routes of transport that could explain the differences observed in Figure 6. 
For instance, in vivo studies in sheep have shown that Mg absorption from temporary 
isolated rumen was saturated at concentrations of 4 to 5 mM (Care et al., 1984), and in 
isolated sheep epithelium Mg absorption followed a Michaelis-Menten kinetics with a 
constant (Km) of 2.43 mM and maximum Mg efflux (V max) of 208.3 nmo1.cm-2.h-1 
(Martens et al., 1978). On the other hand, Mg absorption from the temporarily isolated 
rumen of heifers was saturated at 12 mM and had Michaelis-Menten kinetics with .a 
constant (Km) of 11.43 mM and 120.3 ~mol.min-l of maximal Mg efflux (V m) (Martens, 
1983). This could suggest that similar mechanisms have different capacity between 
species. It should be pointed out, however, that ruminal Mg absorption in cattle was 
saturated at almost twice the ruminal Mg concentrations observed in normal conditions and 
which are unlikely to occur on pasture (Martens, 1983). Postprandial changes in Mg 
concentration in the rumen have been observed to range from 1.79 to 10.10 mM in cattle 
with a variety of diets (Bennink et al., 1978). Consequently, within this range of 
concentrations, it could be speculated that cattle have greater capacity for ruminal 
absorption of Mg than sheep. In sheep saturation of the mechanism of absorption from the 
rumen at Mg concentrations over 5 mM could result in the excess Mg by-passing the 
rumen and proceeding into the small intestine. 
In addition, the literature also indicates that cattle ruminal epithelium may have lower 
resistance (measured in Ussing Chamber systems) than that of sheep, which is an indirect 
measurement of the permeability of the epithelia to the passive transport of ions, such as 
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Mg (Martens & StOssel, 1988; Sehested et ai., 1996). This suggests that the paracellular 
space (or the separation between cells) is wider in cattle and paracellular losses of Mg 
could counter the overall contribution of the higher rate of absorption and saturation 
observed in rumen epithelia of cattle. 
If the main site ofMg absorption in cattle is the rumen then the low apparent availability of 
Mg observed in cattle could be related to different strategies for use of the small intestine 
and the hindgut (Figure 6). In sheep the large intestine is used to preserve electrolytes, 
whereas in cattle this segment seems to act primarily as a site of fermentation, and 
secondarily to preserve electrolytes (Maloiy & Clemens, 1980). Cattle facilitate water 
retention within the large intestine because first, there is a higher paracellular secretion that 
allows recovery of salts and nutrients at the expense of water losses and secondly, cattle 
have wider colon crypts that reduce the capacity of solutes to concentrate (McKie et al., 
1991). But, differences in moisture of faeces between sheep and cattle were found to be 
related with physiological differences in small intestinal absorption of water and the total 
amount of water that reached the large intestine, not in the capacity of water concentration 
of the large intestine (Hecker & Grovum, 1975). Therefore, reabsorption and most 
importantly, Mg secreted within the gastrointestinal tract in cattle could be different than in 
sheep due to intrinsic physiological factors, which could affect the overall result of the 
transactions ofMg along the intestine and result in lower the availability ofMg in cattle. 
A higher sensitivity of Mg absorption to dietary K in sheep could be related to species 
differences in the effect of K in the rumen, the main site of Mg absorption. For instance, 
the reduction of Mg transport in the rumen of sheep resulting from high K intake is 
secondary to activation of a compensatory mechanism ofNa transport (Leonhard-Marek et 
at., 2005). This system counterbalances changes in the ratio Na:K within the rumen, which 
is the product of the high K intake. Factors such as volume, water consumption and 
salivary turnover will have a large impact in Na:K ratio within the rumen and evolutionary 
differences between species (grasslands for cattle and drylands for sheep) will be important 
in determining the expression of such a system. Additionally, the greater concentration of 
SCFA observed in the rumen content of cattle, 173.3 mM against 115.8 mM in sheep 
(Maloiy & Clemens, 1980), could indicate that Mg absorption in cattle occurs largely via 
the electroneutral mechanism, which is promoted by SCF A and is insensitive to K 
concentration (Schweigel & Martens, 2003). Therefore the effect of high K intake could be 
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small in cattle, and absorption of Mg from the rumen could be mainly due to the 
electrogenic mechanism. 
On the other hand, as was discussed, the paracellular route is the main route of Mg 
secretion in the rumen (Martens & StOssel, 1988). A wider paracellular space between cells 
of the rumen in cattle could mean a graater secretion promoted by the enhanced K intake 
and, together with a small percentage of the cellular transport mediated by the electrogenic 
mechanism (sensitive to K intake), could mean that cattle can only absorb a small 
proportion of Mg in the diet, an therefore cattle could be more affected by the addition of 
K. However, there have been no physiological studies to investigate differences III 
transport capacity between these species and in their responses to increasing K intake. 
In the light of this information the use of a sheep model to predict Mg metabolism in cattle 
is questionable. However, the design and develop of comparative studies will generate 
information that will permit successfully scale this model to cattle. 
Conclusions 
The understanding of Mg metabolism in ruminants is far from complete. Data for Mg are 
based on static or mean values, while providing a basis for assessing requirement, seems 
unlikely to be helpful in developing dynamic models ofMg metabolism. 
Satisfying the needs for Mg depends on the net result of the transactions along the 
gastrointestinal tract and not on the regulation of excretion by the kidneys or the 
mobilisation of body reserves. Because Mg excretion is a mirror of the daily- Mg 
absorption the quantities are largely affected by genetic variability and physiological needs 
of the animals. The mobilisation of body reserves is limited and appears to lack a tight 
hormonal control and therefore is inadequate to act against a hypomagnesaemic insult. 
However, utilisation of Mg at only 10 to 30% of the intake, measured by faecal excretion 
in ruminants, is much lower than in non-ruminant animals. Thus, correct prediction of the 
net absorption from the gastrointestinal tract is required to determine Mg status. For 
instance, nutritional experiments with cannulated animals have shown that stomachs, and 
in less proportion the large intestine, were sites of net absorption of Mg, whereas the small 
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intestine was a place of net secretion. Within the stomachs, the rumen was observed to be 
the main place of Mg absorption and two different active mechanisms were described. But 
it is crucial to understand that this absorption per se is the overall result of a more dynamic 
process that involves true secretion and (re) absorption of the Mg secreted along the 
gastrointestinal tract. 
Many factors affect net Mg absorption in ruminants, but none have the importance that K 
intake has in the reduction of Mg apparent availability. Nutritional and physiological 
experiments have found that K acts mainly in the rumen by increasing the electrochemical 
gradient between the rumen content and the blood and reducing the active uptake of Mg by 
rumen cells. Also, there is a well described reduction in Mg solubility associated with the 
increase in ruminal pH, and good evidence for a positive effect of carbohydrate intake on 
Mg transport within the rumen. However, less effort has been put in understanding Mg 
transaction from the intestines (small and large). New evidence suggests a homeostatic role 
for these segments. If absorption in the stomachs is bypassed or impaired a larger net 
absorption from the intestines could be observed. 
There is also evidence for differences between ruminant species in their ability to absorb 
and utilise the Mg present in the diet. Mg availability seems to be greater in sheep than in 
cattle; however, sheep appear to be more susceptible to increases in K intake than cattle. 
These findings also imply that many of the assumptions about Mg metabolism derived 
from sheep can only be applied to cattle with extreme care. And probably accessing Mg 
requirement in ruminants' species should include the development of new criteria based on 
changes in blood Mg concentration, urinary or take in account the pasture K:Mg ratio and 
fluctuations in pasture K concentration. 
Once a clear understanding of the process of Mg absorption along the gastrointestinal tract 
has been achieved and once differences between the species have been solved, it may be 
possible to develop tools that allow accurate prediction of Mg requirements for ruminants 
and reduce losses associated with hypomagnesaemia, such as occur in Chile and New 
Zealand. 
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Magnesium transactions in the intestine regulates metabolism in 
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Abstract 
Evidence for compensatory magnesium (Mg) absorption from the intestine as a 
consequence of dietary potassium (K) induced reduction in Mg absorption from the rumen 
was sought. Four cannulated rams w;ere used in a Latin square design and infused 
intraruminally with 4 different rates ofK bicarbonate that provided dietary K concentration 
varying from 15 to 48 g of KJday. Digesta flow was estimated by a double marked 
technique. This experiment reproduced the deleterious effect of K on Mg metabolism. The 
increasing K load reduced Mg apparent availability from almost 20% to around 10%. Most 
of this reduction was observed at the stomach (from 1.86 to 1.11 g ofMglday). In contrast, 
a compensatory absorption of Mg was observed from the intestine. The net intestinal (both 
small and large intestine) secretion was reduced from 0.5 glday to almost none as the K 
treatment was increased. This was mainly attributed to a greater reduction in net small 
intestinal secretion, rather than an increase in Mg absorption from the large intestine. High 
variability between individual sheep was observed that suggests a genetic component in 
Mg absorption and homeostasis. Modelling Mg metabolism in ruminants needs to account 
for the variability in Mg transactions in the gastrointestinal tract and for large individual 
animal variation. 
Introduction 
The risk of hypomagnesaemic tetany in ruminants is influenced by many factors. Dynamic 
prediction models of Mg homeostasis have to provide quantitative values for magnesium 
transfers in many physiological processes (Robson et al., 1997; Robson et al., 2004). 
Potassium intake is accepted as the major factor that influences Mg availability in the 
ruminant, through its effect on Mg absorption and secretion in the rumen (Tomas & Potter, 
1976b; Leonhard-Marek & Martens, 1996). The role of the different sections of the 
gastrointestinal tract in Mg homeostasis, however, is less clear. Reduction in Mg 
absorption from the rumen under K load was associated with increased absorption beyond 
the rumen (Dalley et at., 1997). Although the main site of compensation was not clearly 
established, there is strong evidence of the ability for Mg absorption from the large 
intestine (Dalley & Sykes, 1989). Early studies with Mg radioisotopes, however, suggested 
considerable secretion and absorption of Mg may occur in the proximal and middle third of 
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the small intestine, respectively (Field, 1961). Therefore, it may be that a substantial 
absorption ofMg occurs also in the small intestine. 
This paper describes an experiment designed to evaluate the importance of the Mg 
transactions in the gastrointestinal tract as a result of changes in K intake and was used to 
establish techniques for a subsequent major experiment. 
Material and methods 
Animals 
Four rams aged 2 years and of average weight 65.4 ± 2.18 kg were randomly allocated 
within a 4x4 Latin square design with 4 K treatments. The trial was carried out from 
January to March 2001 in the Johnstone Memorial Laboratories (JML), Lincoln 
University. The animals, which had been surgically equipped with ruminal, duodenal (7 
cm distal to the pylorus) and ileal cannulae (7 cm anterior to the ileo-cecal valve) not less 
than 1 month before the beginning of the experiment using standard cannulation techniques 
(Hecker, 1974), were maintained in metabolism cages to allow total collection of urine and 
faeces. Post-experiment necropsy revealed that the cannulae were placed correctly. 
Feed intake 
The animals received 1.0 kg DM/day of a ration of 50:50 Lucerne chaff and concentrate 
pellets as described by Dalley & Sykes (1989), which provided approximately 15 g of K 
and 3.1 g of Mg per day. The ration was given in equal amounts at intervals of 30 min 
throughout the day by automatic feeder. The animals were allowed one week before the 
experiment began to adjust to the cages and diet. 
Potassium infusion 
Four levels of total K intake (15, 23.6, 38.4 and 47.6 glday) were achieved by intraruminal 
infusion of 0, 25.6, 51.3, 76.9 g of potassium bicarbonate per day diluted in approximately 
551 ± 31. 3 ml of distilled water per day. This salt of potassium is considered to mimic the 
characteristic of the intrinsic K present in the grass (Schonewille et aI., 1999). A 
miltichannel peristaltic pump (CPP30, ChemLab, England) was used to deliver the 
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infusates via polyvinyl tubing (Dural®, Australia) inserted through the cap of the rumen 
cannula. 
Marker infusion 
Digesta flow was measured usmg th~ double marker technique of Faichney (1993). 
Chromium, as chromium ethylenediaminetetra-acetic acid (Cr-EDTA) and ytterbium (Yb), 
as Yb acetate were used as markers for the liquid and solid phases, respectively. Cr-EDTA 
was prepared following the method of Binnerts et al. (1968). The infusates were delivered 
into the rumen at rates of 180 ± 27.3 and 173 ± 12.2 ml per day for Cr-EDTA and Yb, 
respectively, designed to provide approximately 250 mg Cr and 150 mg of Yb per animal 
per day. The markers were infused continuously during the 40 d of the experiment (Table 
1) through separate lines to avoid precipitation (Siddons et al., 1985). 
Experiment procedure 
Each run of the experiment comprised 10 d measurement periods at the end of which the 
rate of K infusion was changed according to the Latin square design. The balance period 
started on day 5 when steady state conditions had been achieved and continued until day 
10 (5 d period). During this period samples of urine, faeces and blood were taken 
according to the sampling protocol described in Table 1. The digesta flow period started on 
day 6 of infusion and lasted 4 d, during which time samples of duodenal and ileal digesta, 
faeces, urine and blood were taken. 
Table 1: Experimental procedure. 
K infusion 
Markers infusion 
Balance period * 
Digesfa flow # 
St = Start, Sp = Stop. 
1 
St 
Sf 
2 3 4 
Balance period * = Urine, faeces and blood sample collection. 
Digesta flow # = Duodenal and ileal digesta sample collection. 
5 6 
Sf 
7 8 
Sf 
9 10 
Sp 
Sp 
During the 5 d of the balance period, 10 ml of blood was taken daily (08.00 h) from the 
jugular vein into 10 ml tubes containing 144 USP of lithium heparin (BM Vacutainer®). 
The plasma was immediately separated by centrifugation at 1,200 g for 15 min. Urine was 
collected daily (09.00 h), the volume recorded, and sub-samples of 8 ml acidified to pH 2-3 
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by the addition of 0.1 ml of 50% HCI. Faeces was collected in 5 I containers placed below 
the cages, weighed and recorded daily (09.00 h), and sub-samples of approximately 150 g 
taken. The samples of plasma, urine and faeces were stored (_20DC) until analysis. 
During the 4 days of the digesta flow measurement approximately 50 g of digesta from the 
duodenum and ileum were collected at 4 h intervals starting at 04.00 h. After 2 d of 
sampling the time of collection was changed and started at 02.00 h. Rumen samples were 
taken daily at 12.00 h. From all the samples 75 g were taken and centrifuged at 31,000 g 
for 15 min and the supernatant removed and stored at _20DC for subsequent analysis. 
Laboratory analysis 
Sub-samples (approximately 1 to 2 g fresh weight) of feed, faeces and whole digesta (ileal, 
duodenal and ruminal) were dried to constant weight at 100DC for 72 h. Samples were then 
wet-ashed by the addition of 2-3 ml of a solution of nitric acid (70%) and hydrochloric acid 
(30%). They were then reconstituted with the addition of 10 ml of O.lM hydrochloric acid. 
Magnesium concentration in these samples and in urine, plasma and ileal, duodenal and 
rumen supernatant fractions was determined by atomic absorption spectrophotometry 
(5100 PC, Perkin-Elmer, USA) after dilution in O.lM HCI containing 2000 ppm strontium 
chloride (SrClz) to suppress interference by phosphorus. Potassium concentration was 
determined by flame emission spectrophotometry (FES) using an atomic absorption 
spectrophotometer (5100 PC, Perkin-Elmer, USA). The samples were previously diluted 
1 :200 with 0.1 % lithium carbonate (LiC03) to avoid ionisation in the flame and to reduce 
matrix formation. 
Chromium concentration in the supernatant of ileal and duodenal digesta was determined 
by atomic absorption spectrophotometry (5100 PC, Perkin-Elmer, USA) using direct 
aspiration. Ytterbium concentration in whole digesta samples of ileum and duodenum was 
determined following the protocol of Siddons et al. (1985). Briefly, sub-samples (20 ml) 
after dry-ashing at 550 DC for 4 h and reconstitution in 10 ml of a solution contained 2% 
nitric acid and 1.9% KCI were determined by atomic absorption spectrophotometry (5100 
PC, Perkin-Elmer, USA) using direct aspiration. 
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Statistical analysis 
Standard statistical software (Genstat, 7.2®) was used to assess relationships between 
variables using descriptive statistics, and the general linear model analysis. The model 
includes the time of sampling, animal variatio~ and the effect of treatment. The mean and 
standard error of the mean obtained fo.r the whole period (5 days of balance, 4 days of 
digesta flow) in each variable was adjusted by the effect ofth9se factors. 
Results 
The animals had an average weight at the end of the trial of 65.1 ± 1.8 kg and during the 
experiment no disturbances in appetite were noted. Magnesium in plasma, Mg balances 
and flows ofMg along the intestinal tract of the sheep are given in Table 2. 
The infusion of increasing amounts of K significantly and progressively reduced plasma 
Mg concentration (P<0.05). Magnesium apparent availability calculated as feed Mg intake 
- faecal Mg* 100 and divided by feed Mg intake, was reduced from 36 to 28% as K supply 
increased from 15 to 47 g/day. Urinary Mg excretion was reduced by 27, 30 and 46% with 
increasing amounts ofK intake. Magnesium apparent availability (urine) (urinary Mg*100 
divided by Mg feed intake), was lower than that calculated from Mg disappearance in the 
digestive tract [(Mg intake- faecal Mg)* 100 divided by Mg intake]. Values decreased from 
19.6% to 10.4% as the supply ofK increased. 
';.: -.-.'.-.:. 
--' ... -.:. .... -
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Table 2: Effect of K supply on the mean 5-day balance and 4-day flow of Mg along the 
gastrointestinal tract in sheep fed 50:50 lucerne chaff:concentrate diet. 
Treatment 
1 2 3 4 SEM 
Mean Mean Mean Mean 
K Supply (g/day) J5.0" 23.6b 38.4c 47.r! 0.21*** 
Plasma Mg concentration (mM) 1.24" 1.2(/lb 1.J3bc 1.lif 0.040* 
Magnesium balance (5 days) 
Mg intake (g/day) (I) 3.74 3.74 3.74 3.74 0.001 
Mgfaeces (g/day) (F) 2.38" 2.50b 2. 62hc 2.61/ 0.073* 
Mg urine (g/day) (U) 0.73" 0.53h 0.51b 0.39c 0.031 *** 
Absmption (g/day) (I-F) 1.36" 1.23"b 1.12bc 1.05c 0.073* 
Retention (g/day) [J-(F+U)] 0.63 0.71 0.61 0.66 0.085 
Apparent availability (%) [(I-F) * 100//] 36.2" 33.(/lb 29.8b 28.0b 1.99* 
App. availability (urine) (%) (U* 100//) 19.6" 14.1b 13.7b 10.4" 0.80*** 
Mg in rumen supernatant (mM) 1.65 1.56 1.68 1.66 0.063 
D,y matter content (%) 
Duodenum 4.29" 3.92b 3.75b 3.81b 0.087*** 
Ileum 9.18" 9.79b 9.15" 8.67 0.127*** 
Faeces 42.(/1 40.31> 39.2c 39.3c 0.410*** 
Magnesium flow (4 days) (g/day) 
Intake 3.76 3.76 3.76 3.76 0.001 
Duodenum 1.89" 2.21" 2.70b 2.65b 0.115*** 
Ileum 2.74 3.23 3.10 2.87 0.178 
Faeces 2.4(/1 2.631> 2.83c 2.70b 0.048*** 
Net absorption (g/day) 
Forestomach 1.86" 1.55" 1.06" 1.lr 0.114*** 
Small intestine -0.85" -1.02" -0.40b -0.22b 0.218* 
Large intestine 0.34 0.61 0.27 0.17 0.178 . 
Intestine (both) -0.51 -0.42 -0.13 -0.05 0.134 
Total net absorption 1.35" 1.14"b 0.93b 1.05b 0.131*** 
Different letters mean significant differences between means at ***P<O.OOI and *P<O.05. 
On all the treatments, net absorption of Mg was observed in the forestomach and large 
intestine, and net secretion in the small intestine. As an effect of the K infusion Mg flow at 
the duodenum was increased significantly, but not at the ileum. Also the water content of 
the digesta and faeces was increased by the increasing supply of K, denoted by a linear 
reduction in DM content (Table 2). 
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Increase in K supply from 15 to 47.6 glday did not affect the concentration ofMg in rumen 
supernatant. It did result in the reduction in the absorption of Mg in the forestomach by 
more than 40%. This was compensated by a reduction in net secretion from the small 
intestine of 74%. Overall the whole (small plus large) intestine tended to compensate for 
the reduction in Mg absorption from the stomach. However, this compensation (reduction 
in the net secretion of the whole segment) was not statistically significant (p < 0.055). 
A feature of the experiment was consistent individual variation (mean values observed per 
each animal during this experiment) in Mg transactions and these are shown in Table 3. 
One animal in particular, (N°2), consistently showed a high net transfer of Mg from the 
body into the intestine, and high, though not complete, recovery of this Mg in the large 
intestine. This difference was not associated with major differences in digesta DM 
concentration or rate of Mg absorption from the forestomach, though the animal tended to 
have persistently higher concentration ofDM in faeces (Table 3). 
Similarly, urinary Mg excretion appeared to be specific for each individual animal and 
independent of its plasma Mg concentration. In fact, one animal (N°4), which maintained 
lowest plasma Mg concentration, consistently had the highest urinary Mg excretion 
(p<O.OOI). 
.-'--'".---'''---.-'--~----: 
•.• -.~ _--'.' J.>.'_" " 
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Table 3: Individual animal variation (mean values for 40 days experiment) observed 
during 5-day balance and 4-day flow of Mg along the gastrointestinal tract in 4 sheep fed 
50:50 lucerne chaff:concentrate diet. 
Animal 
1 2 3 4 SEM 
Me'an Mean Mean Mean 
K supply (g/day) 31.2 31.5 30.7 31.9 0.21 ** 
Plasma Mg concentration (mM) 1.18 1.18 1.20 1.11 0.040 
Magnesium balance (5 days) 
Intake (g/day) 3.74 3.74 3.74 3.74 0.001 
Faeces (g/day) 2.58 2.39 2.58 2.64 0.073 
Urine (g/day) 0.54" 0.41b 0.55" 0.65c 0.031 *** 
Absorption (g/day) 1.16 1.35 1.16 1.10 0.073 
Retention (g/day) 0.61" 0. 94b 0.61" 0.45c 0.085*** 
Apparent availability (%) 31.0 36.0 31.0 29.1 1.99 
App. availability (urine) (%) 14.6" 11.lb 14.8" 17.3c 0.80*** 
Mg rumen supernatant (mM) 1.64" 1.60"b 1.4i 1.85c 0.063** 
DM content (%) 
Duodenum 3.6(j' 4.oi 3.78c 4.31d 0.087*** 
Ileum 9.20 9.32 9.13 9.14 0.127 
Faeces 39.7" 45.i' 40.1" 35.8c 0.410*** 
Magnesium flow (4 days) (g/day) 
Intake 3.76 3.76 3.76 3.76 0.001 
Duodenum 2.44 2.37 2.38 2.25 0.115 
Ileum 2.78" 4.12b 2.46" 2.58" 0.178*** 
Faeces 2.68" 2.50b 2.64" 2.73" 0.048** 
Net absorption (g/day) 
Forestomach 1.31 1.38 i.38 1.51 0.114 
Small intestine -0.34" -1. 74b -0.08" -0.34" 0.218*** 
Large intestine 0.10" 1.62b -0.18" -0.i5" 0.178*** 
intestine (both) -0.24 -0.13 -0.26 -0.48 0.134 
Total net absOlption i.07 1.25 1.12 1.03 0.131 
Different letters mean significant differences between means at ***P<O.OOI, **P<O.OI and 
*P<O.05. 
Discussion 
These data are consistent with the well established literature which show the rumen to be 
the major site ofMg absorption (Pfeffer et al., 1970; Grace et al., 1974; Ben-Ghedalia et 
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aI., 1975; Tomas & Potter, 1976b) and that absorption at this site is compromised by 
increasing dietary K concentration (Greene et aI., 1983; Khorasani & Armstrong, 1990; 
Dalley et al., 1997). 
The data also confirm the finding of Dalley et al. (1997) that sites distal to the rumen 
become increasingly important for net· absorption of Mg as absorption from the rumen 
declines under K loading. The finding of Mg absorption as a result of Mg enemas 
(Reynolds et aI., 1984; Bacon et al., 1990) and infusion into the hindgut (Dalley & Sykes, 
1989) lead Dalley et al. (1997) to conclude that the hindgut could be a major site of 
'compensatory' Mg absorption in animals under high K load. The present study, however, 
suggests that much of the accommodation of Mg homeostasis under K load may occur in 
the small intestine (Table 2). Whether this occurs as a result of reduced secretion or of 
increased (re) absorption is difficult to judge. 
The net secretion of Mg observed in the small intestine reflected the secretion of duodenal 
glands, pancreatic and bile juice that contribute to Mg endogenous losses at this segment 
(Storry, 1961). Studies with radioisotopes have indicated considerable rates of secretion of 
Mg into the duodenum following the intravenous infusion of 28Mg (Field, 1961). Also, 
studies in slaughtered animals have shown that a significant secretion of Mg occurs in the 
first 90 cm post-pylorus and may represent up to 2 times the amount ofMg ingested (Perry 
et al., 1967; Sklan & Hurwitz, 1985). Allsop & Rook (1979) observed that the intravenous 
infusion of Mg chloride in sheep increased net endogenous losses, and suggested the effect 
could be due to depression in (re) absorption or increase secretion of Mg from the 
gastrointestinal tract due to high plasma Mg concentration. In fact, there is strong evidence 
to suggest that Mg secretion is linearly and positively correlated with plasma· Mg 
concentration (Schweigel & Martens, 2000). But, because the digesta seems to be isotonic 
by the time it reaches the ileum (Smith, 1959), a rapid reabsorption of endogenously 
secreted Mg must occur in the small intestine, which balances the plasma pool of Mg with 
the soluble pool within the intestine. In fact, around 75 to 83% of the Mg secreted has been 
observed to disappear in the lower regions of the small intestine (Field, 1961; Sklan & 
Hurwitz, 1985). 
Most of the absorption from small intestine was found by Care & van't Klooster (1965) to 
be passive, however the possibility of a saturated mechanism was not discarded. The high 
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dietary intake of Mg and the subsequent reduction of Mg absorption from the stomach as a 
consequence of the rise in K intake may have contributed to an enhanced Mg pool in the 
small intestine, and together with a reduction in plasma Mg concentration (Table 2), raise 
the availability of Mg in this segment and therefore (re) absorption. In fact, there is 
evidence for adaptive increase rates of absorption of Mg from the intestine in studies with 
a Mg source that escaped rumen degradation (Hurley et aI., 1990). This suggests that 
intestine has the capability to absorb Mg when a significantly bigger load reaches them. 
The lower net secretion in the small intestine may therefore arise from this positive 
gradient between blood and small il,1testinal content. 
Taken together, those studies and the present experimental data suggest that Mg absorption 
in the intestine could be a homeostatic process where both plasma Mg concentration and 
Mg concentration in the digesta act synergistically to regulate the net flux in the intestine 
and, therefore, that the small intestine could be a site of regulation (Table 2). 
Similarly, Mg absorption in the large intestine was positively related to the amount of Mg 
being secreted in the small intestine (Table 2), greater absorption from this segment was 
observed when Mg secretion in the small intestine increased. Therefore, the capacity of 
large intestine to absorb Mg may depend largely on the Mg concentration in digesta 
reaching them. These results confirmed the observations in sheep which suggest that Mg 
absorption from the large intestine is passive or associated with the concentration of the 
digesta (water absorption) (Dalley & Sykes, 1989). 
The convenient use of urinary excretion of Mg as a better indicator of the Mg absorption 
than the faecal excretion has been discussed before (van Ravenswaay et al., 1989). 
Differences between faecal and urinary excretion when used to calculate Mg apparent 
availability observed here suggested an underestimation or overestimation, respectively, of 
the actual availability of this mineral. Field (1962) attributed the errors between methods to 
the greater sampling error in the estimation of excretion of Mg in the faeces. Moreover, 
similar problems in determination of mineral balance have been observed in nitrogen 
balance studies in sheep where the failures in collection of urine and determination of 
dermal losses generated errors of around 2 to 3% of the total determination of urinary and 
faecal nitrogen (Martin, 1966). Problems in the collection of samples can not be ruled out 
from the present experiment. However, the fact that there was a larger error associated with 
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the estimation Mg apparent availability using the faecal excretion of Mg than with urinary 
excretion (Table 2), suggests the use of the latter method to assess the availability of this 
mineral, may be the most reliable. 
It is known that genetic variation exists III the predisposition of animals to 
hypomagnesaemic tetany (Greene et al~, 1989). Individual variation in urinary excretion, 
plasma' Mg concentration and retention has been observed during the course of other 
experiments (Field, 1962; Field & Suttle, 1979; Grace et ai., 1988; Thielen et al., 2001) 
and also in absorption of Mg along the gastrointestinal tract in sheep (Tomas & Potter, 
1976a). Post mortem observation of experimental animals did not find differences in the 
site of cannulation, suggesting that the results observed here are based in actual individual 
variation in digesta flow (Table 3). This has important implications in the analysis of 
experiments of digesta flow, where individual animals could have great impact in the end 
results. Assuring an appropriate size sample or, as in this experiment, application of all 
treatments to all animals will minimize the influence of individual variation. The balances 
of Mg also suggest a distinctive urinary Mg excretion, which was independent of the 
plasma Mg concentration for each animal (Table 3). This is in accord with similar findings 
in ruminants and other species (Field, 1962; Thielen et ai., 2001; Feillet-Coudray et al., 
2004) and strongly suggests the use of the relationship between urinary excretion and 
plasma Mg concentration as a selection criterion for susceptibility of animals to 
h ypomagnesaemia. 
Conclusions 
Magnesium fluxes in the intestine may be important in the regulation of Mg homeostasis in 
the ruminant, and the small intestine rather than large intestine may be the site of control 
when a hypomagnesaemic stimulus, such as increasing K intake, affects them. In addition, 
large individual animal variation in most of the parameters obtained with balance and 
digesta flow was observed. In that situation transactions of Mg along the gastrointestinal 
tract is unlikely to be static process and more research is required to model adequately Mg 
metabolism in ruminants to account for those differences. 
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Abstract 
The differences between sheep and cattle in terms of site of absorption and apparent 
availability of magnesium (Mg), and the susceptibility of these species to increasing intake 
of potassium (K) were investigated. Th.e animals (4 rams and 3 dry cows) were equipped 
with rumen, duodenal and ileal cannulae, confined to metabolic stalls for 4 periods of 10 
days, fed fresh-cut pasture in two equal daily rations and randomly infused with increasing 
doses of K bicarbonate that provided concentrations of 30, 40 and 50 g/kg DMIIday of K. 
The addition of K reduced apparent availability of Mg in both species as measured by 
urinary and faecal excretion, and cattle seemed to be more affected by the treatment than 
sheep. Potassium concentrations of 40 g/kg DMIIday were enough to reduce Mg apparent 
availability by 50% in cattle, whereas in sheep a K concentration of 50 g/kg DMIIday was 
required to produce a similar detrimental response. Absorption of Mg in both species 
occurred mainly in the stomachs, but also in the large intestine; in contrast the small 
intestine was a site of net secretion. The large intestine in both species increased in 
importance as a site of Mg absorption as the K intake increased, especially as the amount 
of Mg secreted in the small intestine increased. We conclude that cattle are more sensitive 
to increases in K intake than sheep in pasture fed conditions and that the overall absorption 
of Mg was the net effect of much larger transactions that occurred along the 
gastrointestinal tract. 
Introduction 
For many years sheep have been used as a model species for Mg metabolism in ruminants 
on the assumption that all ruminant species share the same physiological characteristics 
and that results obtained in sheep could be extrapolated to other ruminant species simply 
by scaling the values for size and gastrointestinal capacity. However, in the scaling of a 
proposed model for Mg metabolism from sheep (Robson et al., 1997) to cattle, this 
approach revealed that differences must exist between species (Bell et al., 2001). In fact, 
some literature reviews have suggested that while cattle are less able to absorb Mg (Reid, 
1983; Adediji & Suttle, 1999) they may be less sensitive to the negative influence of K 
intake than sheep (Adediji & Suttle, 1999). 
78 
. Nutritional studies have shown that the main site of Mg absorption is the rumen in sheep 
(Ben-Ghedalia et al., 1975; Tomas & Potter, 1976c) and the rumen and omasum in cattle 
(van't Klooster & Rogers, 1969; Hom & Smith, 1978). Also it has been demonstrated that 
ruminants depend on an adequate ruminal absorption to sustain plasma Mg concentration 
(Schweigel & Martens, 2000). Therefore, any factor that alters Mg absorption in the rumen 
is likely to reduce the ability of an animal to maintain its Mg status. 
Potassium is widely recognised as the main factor that reduces Mg absorption and high 
dietary concentrations are associated with consumption of rapidly growing grass or high 
rates of K fertilizer application to pasture (Fontenot et al., 1989). Physiological studies 
have demonstrated that K depolarises the apical membrane of the rumen epithelial cells 
reducing the electrogenic uptake of Mg (Leonhard~Marek & Martens, 1996). Logically, 
differences in sensitivity to K intake between species could be related to differences in 
mechanism of transport of Mg across the rumen epithelium. 
On the other hand, low Mg apparent availability in cattle could be associated with the 
capacity for absorption of Mg from the lower regions of the gastrointestinal tract, which 
will determine the overall result of the absorptive process (Laporte et al., 2001). In fact, 
evidence suggests that low rates of Mg absorption from the rumen can be associated with 
an increase or probably a compensatory absorption from the intestine in sheep, most likely 
the large intestine, a site known to have absorptive capacity (Dalley et al., 1997b). 
Additionally, the absorption of Mg at the large intestine seems to be concentration 
dependent (Dalley & Sykes, 1989), meaning that differences in Mg absorption in this 
segment could arise from differences in the capacity for solute concentration and formation 
of faeces between species (Hecker & Grovum, 1975; McKie et al., 1991). 
This experiment was designed to characterise Mg absorption along the gastrointestinal 
tract of sheep and cattle, while grazing high quality pasture, comparisons being made 
between these ruminant species for both absorptive capacity of the different segments of 
the tract and their sensitivity to increasing K intake. 
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Materials and Methods 
Animals 
During late spring and early summer, three non-pregnant, non-lactating cows, averaging 
484 ± 0.3 kg body weight (BW), and- four rams, averaging 58.4 ± 0.20 kg BW, were 
allocated to 3 K treatments (30, 40 and 50 g of K/Kg DMVday) using a total randomised 
design. The animals were placed in metabolic stalls for total collection of faeces and urine 
in the Dairy No.5 facilities, Dexce~ Limited, Hamilton, New Zealand. They were equipped 
with ruminal, duodenal and ileal cannulae three months prior to the experiment according 
to standard surgical procedures (Hecker, 1974). These studies were approved by the 
AgResearch Animal Ethics Committee. 
Diets 
The animals received fresh pasture from paddocks, which consisted mainly of a mixture of 
ryegrass-white clover (Lolium perenne- Trifolium repens). The animals were offered feed 
twice daily at 09.00 and 16.00 h in portions of 0.4 and 0.6 of total intake, respectively. The 
chosen paddock was harvested once each day (14.00 h) and used for the afternoon meal of 
the same day and the morning feed of the next day. Maximal allowance was calculated in 
sheep to be around 27.0 g of dry matter intake (DMI)/kg BWo.9/day and a similar amount 
was given to cattle which provide in average (3 months of experimental period) 22 g of 
Klkg DMI/day and 1.53 g of Mg/kg DMVday(Agricultural Research Council (ARC), 
1980). Water ingestion was ad-libitum. Grass refused and water consumption was recorded 
daily. 
Dry matter content of the pasture was obtained daily by a quick-dry test as described by 
Brusewitz (1993). This consisted of drying two 150 g samples of fresh pasture in a 
conventional microwave oven for 7 min at medium (around 150°C) and 5 min at high (250 
°C) energy; results were accepted when differences between duplicates were less than 30% 
of their weight, otherwise the sampling was repeated. Additionally, three samples (250 g) 
of pasture were placed in a conventional oven at 90°C for 3 d to assess dry matter (DM) 
content. Differences between processes were estimated to be around 1 % and therefore the 
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daily ration was adjusted by 1 % to avoid underfeeding. By this method the real daily DMI 
was not different from the daily projected DMI (P > 0.05). 
Potassium infusion and marker infusion 
The experiment presented two differe~t but related problems; the first was to correctly 
evaluate the variation of K intake during the experiment due to variation in pasture 
consumption. The second was to infuse enough K bicarbonate to meet the goals of the 
experiment. Therefore, pasture samples of the paddock to be used were taken and analysed 
one week before the experiment . began and the infusions were adjusted accordingly. 
Samples of grass and K infusate were taken daily during the balance period to evaluate 
correctly K intake. The results in Table 2 suggest that this approach enabled achievement 
of the treatments proposed. Paddocks were then chosen from those that did not contain 
more than 30 g Klkg DM (lowest treatment). Consequently, K bicarbonate was diluted in 
distilled water to form an infusate (similar volume for all the treatments) that was delivered 
into the rumen through the cap of the rumen cannula to achieve the K treatment proposed. 
The bicarbonate salt was used because Schonewille et ai. (1999) had shown this to depress 
Mg transport to the same extent as the intrinsic K present in pastures. Thus, this salt 
appeared to offer the best prospect for mimicking the K effect on Mg metabolism in both 
speCIes. 
Digesta flow was measured with respect to two indigestible markers using the methods of 
Faichney (1993). Chromium, as chromium ethylenediaminetetra-acetic acid (Cr-EDTA), 
was used for the liquid phase of the digesta and ytterbium (Yb), as ytterbium acetate, was 
used as a marker for the solid phase. Cr-EDTA was prepared following a standard protpcol 
(Binnerts et ai., 1968); the markers were infused separately to avoid precipitation (Siddons 
et ai., 1985). Approximately 1.5 g Cr-EDTAIday (250 mg Cr/animal/day) and 240 mg Yb 
acetate/day (150 mg Vb/animal/day) were delivered into the rumen through polyvinyl 
tubing (Dural®, Australia) inserted through the cap of the rumen cannula. A multichannel 
peristaltic pump (CPP30, ChemLab, England) was used to deliver the infusate into the 
rumen at a rate of 5.2 ± 0.05 and 1.14 ± 0.012; 1.14 ± 0.019 and 0.15 ± 0.009; 1.15 ± 0.003 
and 0.14 ± 0.003 l/day for K; Cr-EDTA and Yb in cattle and sheep, respectively. 
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Experimental procedure 
The animals were placed in metabolism stalls for total recovery of faeces and urine, for an 
experimental 10 d period (run), after which they were allowed a 10 d recuperation period 
in ryegrass-'white clover paddocks. 
On the day before each run began the animals were weighed and placed in the metabolism 
stalls. The markers and K solutions were delivered for a period of 10 days (run). Balance 
period corresponded to the last 5 d of each run, during which steady state conditions for the 
markers and the K infusions were considered to have been reached. The flow measurement 
corresponded to the last 4 d of each run. Measurements of transmural potential differences 
(PDt) of the rumen were obtained 1 h after the experiment finished and before the animals 
were fed or weighed. 
Sampling and samples 
Samples of ileal, ruminal and duodenal contents were obtained as follows: approximately 
50 g of digesta from the duodenum and the ileum were collected at 6 h intervals starting at 
04:00 h and finishing at 22:00 h; after 2 d of sampling the time of collection was changed, 
running from 06:00 to 24.00 h. Ruminal samples were obtained during the PDt 
measurement. Sub-samples of 20 ml were centrifuged at 31,000 g for 15 min and the 
supernatant removed and together with the remaining samples of whole digesta, stored at -
20°C for subsequent analysis. 
Blood samples were taken daily (08:30 h) during the balance period by jugUlar puncture 
using 10 ml tubes containing 144 USP of lithium heparin (BM Vacutainer®). The sa~ples 
were then centrifuged at 1,200 g for 15 min and the plasma stored at -20°C. 
Samples of urine and faeces were collected daily (09.30 h) during the balance period and 
the total volume recorded. Sheep urine was collected in 5 I buckets placed underneath the 
cages. Cattle urine was successfully separated from faeces by attaching a rubber collector 
around the vulva to a polyvinyl chloride hose, which directed the urine to a 20 I plastic 
container. By these methods only a small number of samples were contaminated (4 of 60) 
and even then, the constant monitoring of the animals allowed reliable samples to be 
obtained (for example by change of collection bucket). At the end of the day, sub-samples 
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of 10 ml were taken, acidified to pH 2-3 by adding 0.1 ml of 50% HCI to avoid 
precipitation, and stored at -20 DC. 
The total collection of faeces was achieved by attaching, with the aid of a harness, a plastic 
chute to the cow's body. It directed the flow of faeces to 50 I containers placed in the 
basement of the facilities. Sheep were equipped with collectors (nylon pantyhose) to avoid 
contamination of urine samples, which were constantly monitored and replaced. Total 
faeces were mixed, weighed and approximately 150 g taken each day and stored frozen (-
20 DC) for subsequent analysis. 
The transmural potential difference (PDt) was monitored continuously for 1 hand 
continuously recorded with the help of a datalogger that codified the signals from Ag/ Ag 
chloride half cell reference electrodes connected to potassium chloride (KCI) agar bridges 
made of a saturated solution of KCI and 3% agar in a vinyl tubing of 30 cm long. One tip 
(2.0 mm external diameter, ED, 1.0 mm inner diameter, ID) was inserted into the jugular 
through a jugular catheter and another one (2.5 mm ED) inserted via the cannula into the 
rumen. The datalogger output was connected to a computer, which allowed real time 
monitoring the readings. Samples of blood (10 ml) and ruminal contents (30 ml) were 
taken at the time of PDt measurements and stored at -20 DC until analysis. 
Laboratory analyses 
Sub-samples of feed, faeces and digesta (ileal, duodenal and ruminal) were placed in 20 ml 
vials, and then dried to constant weight at 100 DC to estimate DM content. The samples 
were then wet-ashed by the addition of 2-3 ml of a solution .of nitric acid (70%). and 
hydrochloric acid (30%). Once the samples were completely digested; they were 
reconstituted with the addition of 10 ml of 0.1 M hydrochloric acid HCL. 
Magnesium in these samples and in ileal, duodenal and rumen supernatant fractions and in 
plasma and urine was determined by atomic absorption spectrophotometry (Perkin-Elmer 
PC100) after dilution in 0.1 M HCI containing 2000 ppm strontium chloride (SrCh) to 
suppress interference by phosphorus. Potassium was determined by flame emission 
spectrophotometry (FES) using an atomic absorption spectrophotometer (5100PC, Perkin-
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Elmer, USA). Samples were diluted 1 :200 with 0.1 % lithium carbonate (LiC03) to avoid 
ionisation in the flame and reduce matrix formation. 
Chromium concentration in the supernatant was determined by direct aspiration in an 
atomic absorption spectrometer (Perkin-Elmer PCIOO). Ytterbium was determined 
following the protocol of Siddons et aI.. (1985). Sub-samples (20 ml) of digesta (duodenal 
and ileal) were dry-ashed at 550°C for 4 h and the samples reconstituted in 10 ml of a 
solution contained 2% nitric acid and 1.9% KCL. The Yb concentration was determined by 
direct aspiration in the atomic absorption spectrometer (Perkin-Elmer PCIOO). 
Statistical analysis 
A basis for comparison of species that differ in size and intake can be problematic and for 
this reason different methodologies were contrasted (Table 1). It was found that expressing 
the values of Mg metabolism with respect to the DMI significantly reduced differences 
between species associated with scale (p values closer to 1, meaning not statistically 
different) and allowed more ready assessment of true differences between species in Mg 
metabolism. Additionally, the comparison of the DMI between species using BW to the 
power of 0.9 (body metabolic weight) as described by Graham (1972) similarly removed 
such scale effects (Table 1). The statistical analysis was performed using a linear mixed 
model (REML) to account for the repeated measurement of the data. The model included 
corrections for species (S), treatment (T), interactions between treatment and species 
(TxS), period of sampling, animal differences and Mg intake as a covariate. All the 
statistical analyses were done with Genstat 7.2©; values are expressed as the mean and 
standard error ofthe differences (SED). 
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Table 1.' Statistical comparison (F-test) of magnesium intake and dry matter intake 
between species when assessed by different methodologies. 
Methodology of comparison M[J. intake 
Units Sheep' Cattle P 
Total Mg intake g/day 1.73 ± 0.04 10.6 ± 0.19 0.001 
Dry matter intake (DMI) g/kg DMI/day 1.52 ± 0.02 . 1.52 ± 0.02 0.937 
Body weight g/kgBW/day 27.6 ± 0.44 22.1 ± 0.59 0.220 
Metabolic weight (BijIl·73) g/kg BijIl.73/day 84.0 ± 1.37 117.0±2.74 0.001 
Metabolic weight (BijIl·9) g /kg BijIl·9/day 41.62 ± 0.67 41.0 ± 1.04 0.011 
Pasture 
Metabolic weight (B ijIl. 73) kg/kgB ijIl. 73 /day 0.14 ± 0.33 0.15 ± 0.28 0.616 
Metabolic weight (B ijIl.9) kg/kgB ijIl.9/day 0.41 ± 0.89 0.30 ± 0.57 0.000 
Results 
General results 
A few days before the experiment started cow N°S rejected the ileal cannulae. The animal 
did not present any sign of pathological disease such as septicaemia, the surgical wound 
healed normally under veterinary supervision and no sign of disturbance of appetite or of 
digesta flow were detected. Post mortem analysis only suggested natural causes for the 
rejection. Therefore, the result for the ileal flow of cattle is derived from only two of the 
three animals. At the end of the experiment animals were in good condition with an 
average weight of 493 ± 0.17 and 69.6 ± 0.16 kg for cattle and sheep, respectively. 
There were no differences in intake between sheep and cattle when DMI intake was 
expressed as WO.9 (Table 2). However, differences between treatments were observ~d as 
differences within species in the different treatments, but none of these could be related to 
K intake. 
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Table 2: Comparisons of pasture intake, dry matter intake (DMI), and total K (intake plus 
infusate) consumption measured in sheep and cattle under 3 different K treatments using 
the dry matter intake (DMl) and the metabolic weight (BW). Values represent the mean 
and the standard error of the differences (SED) for the effect of species (S), treatment (T) 
and the interaction of treatment by species (TxS). 
K Treatment (g/kg DMJ/day) Sheep Cattle SED 
30 40 50 30 40 50 S T TxS 
Body weight (kg) 64.3 59.6 62.4 501.8 502.5 470.3 1.18 1.19 1.19 
Pasture (kg/day) 6.14 6.05 5.86 40.4 34.1 37.8 0.72c O.72c O.72c 
DMJ (kg/day) 1.17 . 1.13 1.11 7.58 6.40 7.04 0.08c 0.09c 0.08c 
DMJ (g/kg Bufl·9/day) 27.8 28.6 26.8 28.5 24.4 28.1 0.76 0.83" 0.8Y 
K intake (g/day) 32.6 43.3 53.4 207.7 250.0 336.3 3.6r 3.85c 3.75c 
K intake (g/kg DMJ/day) 27.1 39.3 46.3 26.6 38.8 46.9 2.03 6.63c 4.79c 
() p < 0.05, () P < 0.01, () p < 0.001. 
The effect of K intake on Mg metabolism 
Infusion of K to provide the equivalent of dietary concentrations of 30, 40 and 50 glkg 
DMIJday reduced Mg absorption in both species (Table 3). The increase in K concentration 
increased faecal and reduced urinary Mg excretion. Apparent availability of Mg when 
measured as either disappearance between intake and faeces or urinary excretion, both as a 
percentage of Mg intake was also decreased. Plasma Mg concentration, even though not 
statistically significant, followed the pattern of absorption, which indicates presence of a 
relationship between absorption and Mg status of the animals. 
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Table 3: Changes in magnesium metabolism in sheep and cattle exposed to 3 different K 
intakes observed for 5 days of balance studies and 4 days of digesta and Mg flow 
measurements. Values represent the mean and the standard error of the differences (SED) 
for the effect of species (S), treatment (T) and the interaction of treatment by species (TxS). 
The apparent availability of Mg was measured by using the faecal excretion (AAF) or the 
urinary excretion (AAU) of Mg. 
K Treatment Sheep Cattle SED 
(glkg DMIlday) 30 40 50 30 40 50 S T TxS 
5 day balance period (g/kgDMUday) 
Plasma Mg (mM) 0.79 0.79. 0.78 0.84 0.77 0.78 0.02 0.02 0.02 
Intake (I) 1.52 1.52 1.52 1.53 1.52 1.53 0.03 0.03 0.03 
Faeces (F) 1.19 1.23 1.37 1.20 1.36 1.36 0.09 O.Ogt' 0.09 
Urine (U) 0.28 0.30 0.20 0.26 0.19 0.17 0.02e 0.02e 0.02e 
AbsOlption (I-F) 0.34 0.30 0.16 0.32 0.16 0.16 0.09 0.09" 0.09 
Retention (I-(F+U)) 0.06 -0.01 -0.03 0.07 -0.03 -0.01 0.09 0.09 0.09 
AAF (I-FII) 0.22 0.19 0.11 0.21 0.11 0.11 0.06 0.06" 0.06 
AAU (UlI) 0.18 0.20 0.13 0.17 0.12 0.11 0.0i" 0.0i" 0.0i" 
4 day dif(estaflow (Ilk/( DMUday) 
Duodenum 21.8 21.8 25.1 19.8 23.7 24.2 0.922 1.442e 1.234e 
Ileum 10.2 9.5 10.3 11.7 14.2 12.6 0.958 2.632< 1.964 
4 day Mgflow (glkg DMllday) 
Intake 1.53 1.53 1.53 1.53 1.52 1.53 0.037 0.037 0.037 
Duodenum 0.90 0.91 0.90 0:89- 0.94 1.02 0.086 0.088 0.087 
Ileum 1.37 1.54 1.80 1.46 2.26 2.44 0.299 0.59~ 0.479 
Faeces 1.20 1.23 1.28 1.23 1.44 1.44 0.09J' 0.091 0.092 
4d M Ab ay 19 sorpllon 'gl cg ay, (,Ik DMlid ~ 
Stomach 0.63 0.61 0.63 0.64 0.58 0.51 0.095 0.098 0.097 
Small intestine -0.40 -0.70 -0.91 -0.49 -1.19 -1.40 0.351 0.63~ 0.524 
Large intestine 0.20 0.31 0.48 0.36 0.82 0.97 0.364 0.634u 0.528 
Intestine (both) -0.30 -0.31 -0.39 -0.36 -0.49 -0.39 0.110 0.110 0.123 
Total net absorption 0.33 0.30 0.25 0.29 0.09 0.10 0.103" 0.102 0.102 
(') p < 0.05, () P < 0.01, () p < 0.001, (S) specie, (T) treatment, (TxS) interaction treatment by 
species. 
The high variability observed in the faecal samples prevented the establishment of 
significant differences between species, but clearly there was a trend for greater faecal Mg 
excretion in cattle at the second K level. These trends are supported by the data for urinary 
Mg excretion. In the case of sheep the trend was for Mg excretion to be reduced by the 
highest treatment (50 g/kg DMI/day), whereas in cattle urinary losses were reduced by 
exposure to 40 g/kg DMI/day ofK (second treatment) (Table 3). 
In the conditions of this experiment, in which animals were fed fresh cut grass and exposed 
to increasing K load by the infusion of K bicarbonate, duodenal digesta flow was increased 
in both species by increasing K, but the species reacted differently. Whereas digesta flow 
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in sheep was only affected as a result of the highest treatment, in cattle both 40 and 50 glkg 
DMIIday of K produced a rise in duodenal digesta flow. Most of the absorption of Mg 
occurred in the stomach of both species, substantial absorption also was observed in the 
large intestine especially in cattle, whereas the small intestine showed net secretion at all 
dietary K concentrations used (Table 3). The absorption of Mg from the stomach was 
similar between species. There was a trend to reduce Mg absorption from the rumen with 
the increase in K load; however those results were not statistically different (Table 3). As a 
consequence of the high variability of the results observed during this experiment no 
significant differences between sp~cies in the absorption of Mg along the gastrointestinal 
tract were observed. However, there was a trend for total Mg absorption to be reduced toa 
greater extend in cattle than in sheep with increasing K load. 
Effect of the K infusion on K and water flow along the gastrointestinal tract 
Addition of K to the diet increased its faecal and urinary excretion the latter of which 
seems to be the main route of K excretion in ruminants. The absorption and retention of K 
also increased with the addition of K bicarbonate in both species, but to a greater extent in 
sheep than in cattle (Table 4). Most of the absorption ofK occurred in the small intestine in 
sheep and cattle fed with the basal K treatment of 27 g/kg DMIIday, although there was 
substantial participation of the rumen once the concentration of K was elevated in both 
species (Table 4). 
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Table 4: Changes in potassium metabolism in sheep and cattle exposed to 3 different K 
intakes observed for 5 days of balance studies and 4 days of digesta and K flow 
measurements. Values represent the mean and the standard error of the differences (SED) 
for the effect of species (S), treatment (T) and the interaction of treatment by species (TxS). 
The apparent availability of K was measured by using the faecal excretion (AAF) or the 
urinary excretion (AAU) of K; absorpti~n represents the amount of K intake not present in 
the faeces. 
K Treatment She~ Cattle SED 
(glkg DMIlday) 30 40 50 30 40 50 S T TxS 
5 day balance period (glkg DMUday) 
Intake (I) 27.1 39.3 46.3 26.6 38.8 46.9 2.029 6. 634c 4. 792c 
Urine (U) 20.8 27.8 38.1 21.0 32.3 35.0 2.525 2.529c 2.528 
Faeces (F) 1.31 1.68 1.57 3.64 5.06 4.36 0.443c 0.44(/' 0.441 
Absorption (I-F) 26.2 38.7 44.6 22.5 33.8 42.6 2.131 6.101 c 4.5i3u 
Retention (I-(F+U)) 7.86 8.17 8.75 2.34 2.48 8.44 2.566b 2.553 2.558 
AA (I-FII) 0.95 0.95 0.97 0.86 0.88 0.91 0.01~ 0.016 0.016 
AA (UlIl 0.71 0.75 0.78 0.78 0.83 0.74 0.071 0.071 0.071 
4 day Kflow (glkg DMUday) 
Intake 27.4 40.6 49.7 27.3 39.9 47.6 1.066 2.47~ 1.912 
Duodenum 20.0 25.4 26.9 21.4 28.8 27.0 1.742 1.930< 1.855 
Ileum 5.44 5.56 5.77 7.96 32.3 32.5 1.66g< 1.685c 1.687 
Faeces 1.34 1.72 1.38 3.44 5.27 4.30 0.445c 0.437 0.440< 
ays a sorptIOn 4d K b gl rg ay, U Ik DMIld ~ 
Stomach 7.31 16.1 23.4 5.82 11.3 21.3 2.106 2. 794c 2.518 
Small intestine 16.1 19.6 20.2 9.11 1.86 -5.72 3.71r 4.714 4.35d' 
Large intestine 4.27 3.75 4.49 4.75 26.9 29.1 1.820c 1.915c 1.893c 
Intestine (both) 19.0 23.4 25.3 17.7 23.3 22.9 1.905 2.169" 2.063 
Total net absorption 27.0 38.8 47.5 23.6 34.3 44.0 1.138n 1.473c 1.339 
(') p < 0.05, () p < 0.01, () P < 0.001, (S) specie, (T) treatment, (TxS) interaction treatment by 
species. 
Voluntary intake of water was greater in cattle than in sheep and was enhanced by 
increasing K intake in both species. Sheep had greater urinary excretion of water at any 
level of treatment than cattle which was counterbalanced by the greater water losses in the 
faeces observed in cattle (Table 5). 
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Table 5: Water metabolism in sheep and cattle exposed to 3 different K intakes, 5 days of 
balance and 4 days of digesta and Water flow measurements. Values represent the mean 
and the standard error of the differences (SED) for the effect of species (S), treatment (T) 
and the interaction of treatment by species (TxS). The apparent availability of water was 
measured by using the faecal excretion (AAF) or the urinary excretion (AAU) of water; 
absorption represents the amount of water intake no~present in the faeces. 
K Treatment Sheep Cattle SED (~/k~ DMllday) 
30 40 50 30 40 50 S T TxS 
5 day balanceperiod fllkg DMUday) 
Voluntmy Intake 0.04 0.19 0.25 0.56 1.19 1.44 0.149c 0.153c 0.152h 
Pasture (P) 4.35 4.35 4.34 4.36 4.35 4.34 0.145 0.151 0.149 
Total*(T) 5.01 5.34 5.40 5.90 6.71 6.87 0.195c 0.20(/ 0.202 
Urine (U) 2.47 2.79 2.91 2.08 2.69 2.69 0.216 0.222c 0.220 
Faeces (F) 0.44 0.43 0.43 1.32 1.67 1.52 0.084c 0.083" 0.083a 
Absorption (T-F) 4.59 4.90 4.99 4.55 5.03 5.38 0.226 0.233c 0.230 
Retention(T-(F + U)) 2.13 2.10 2.08 2.47 2.35 2.67 0.271' 0.281 0.280 
AA (T-FIT) 0.91 0.92 0.92 0.77 0.75 0.78 0.01(/ 0.016 0.016 
AA (u/T) 0.47 0.52 0.54 0.36 0.42 0.39 0.035c 0.035b 0.035 
4 day waterflow (Ilk) DMUday) 
Intake 4.96 5.33 5.33 5.95 6.73 6.84 0.219c 0.225c 0.222 
Duodenum 21.0 21.1 24.2 20.0 22.7 23.2 0.886 1.383c 1.184c 
Ileum 9.48 8.77 9.45 10.9 13.2 11.8 0.898 2.591" 1.916 
Faeces 0.43 0.36 0.47 1.36 1.72 1.60 0.090c 0.081' 0.881b 
ay water a sorptIOn 4d b rg ay, (Ilk DMUd ~ 
Stomach -16.1 -16.0 -19.2 -12.8 -16.0 -16.5 0.92(/' 1.273c 1.132c 
Small intestine 12.2 12.1 14.6 9.0 12.4 13.1 0.854" 0.867" 0.86(/' 
Large intestine 9.05 8.43 9.10 9.42 11.33 10.45 0.894 2.511" 1.866 
Intestine (both) 20.6 20.8 23.8 17.6 20.9 21.8 0.866 1.378c 1.173c 
Total net absorption 4.55 4.95 4.88 4.52 5.00 5.29 0.248 0.248" 0.248 
() p < 0.05, () P < 0.01, () p < 0.001, (S) specie, (T) treatment, (TxS) interaction treatment by 
species. (*) include infusate, pasture moisture and voluntary intake. 
Most of the water absorption occurred in the small and large intestine of both species in 
contrast with the high rate of net secretion observed from the stomach. Increase in K iritake 
was associated with increasing water secretion into the stomach, and a consequential 
increase in water absorption from the intestine. The data also suggest that water absorption 
within the small intestine is greater than in the large intestine in sheep whereas in cattle this 
absorption occurred almost to the same extent in both segments of the gastrointestinal tract. 
The actual rate of water absorption from the large intestine (l/kg DMIIday) was similar in 
the two species. 
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Transmural potential differences (PDJ olthe rumen 
Values recorded for ruminal PDt of sheep and cattle during the experiment showed that 
both species responded to the increase in K load by a linear increase in PDt. The effect was 
similar between species although cattle tended to have a lower PDt than sheep (Table 6). 
There was a lower K concentration iQ. the rumen supernatant of cattle compared with 
rumen supernatant of sheep on any treatment. 
Table 6: Linear regressions (logarithmic relationship) for the effect of increasing K intake 
on ruminal K concentrations ([Kj) ·and transmural potential difference (PDt) in the rumen 
of sheep and cattle. Values are the mean and standard error of the mean (SE) and, in 
parenthesis, the range of the observations. 
PD,(mV) {K/(mM) Linear Ref(ression 
Sheep 43.8 ± 1.91 43.5 ± 4.38 30.5*Log [Kj-5.69 (33 - 50) (25.4 - 59.4) R2=0.49 
Cattle 34.4 ± 2.49 34.7 ± 2.92 30. 2 *Log [Kj-1 1.74 (26 - 46) (J 7. 1 - 44.4) R2=0.19 
Discussion 
The achievement of the treatments proposed and the methodology followed allowed an 
adequate comparison of Mg metabolism in sheep and cattle when these animals were 
exposed to increasing K intake (Table 2). This experiment also reproduced the inhibitory 
effect ofK on the balance and flow ofMg in ruminants (Field, 1970; Newton et aI., 1972; 
Tomas & Potter, 1976a; Greene et al., 1983a; Greene et al., 1983b; Grace, 1988). 
Animals were placed in metabolic stalls and fed fresh cut grass and infused with K 
bicarbonate to simulate high K intake. Both species showed similar apparent availability of 
Mg at the lowest K treatment around 20% of the dietary Mg (Table 3). Other authors had 
suggested that Mg apparent availability was greater in sheep than in cattle (Reid, 1983; 
Adediji & Suttle, 1999), and that sheep were more sensitive to the rise in K intake (Adediji 
& Suttle, 1999). Nutritional studies have shown that an increase in dietary K concentration 
(6,24,48 g/kg DMI/day) can produce a 3-fold reduction in Mg apparent availability (28.7, 
20.9, 7.87%, respectively) in steers (Greene et al., 1983a) and 2-fold reduction (41.8, 32.6, 
25.9%, respectively) in sheep (Greene et al., 1983b). The results of the present experiment 
confirm those independent observations, cattle being more affected by the rise of K in the 
diet than sheep. Absorption of Mg in cattle was reduced by 50% from 0.32 to 0.16 g of 
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Mg/kg DMIIday when the dietary K rose from 30 to 40 g of Klkg DMIIday, whereas sheep 
were only affected to the same extent by the highest dose treatment (50 g of Klkg 
DMIIday). The New Zealand dairy production system is based mainly on pasture with little 
use of external inputs such as concentrates or other sources of supplementation. The fact 
that extensive fertilisation is used to improve pasture growth and quality means that 
concentrations of K can be well above values considered safe. Early surveys catalogued 
47% of'all the sites sampled in the North Island and 32% of the sites sampled in the South 
Island to contain more than 30 g Klkg DM in their pasture (Smith & Middleton, 1978). The 
finding that, under fresh-cut pastm:e conditions, the effect of K on Mg absorption and Mg 
apparent availability in cattle is maximal at around K concentration of 40 g of Klkg 
DMIIday suggests that a large number of herds in New Zealand could be exposed to 
conditions that reduce Mg absorption, and therefore in constant risk of hypomagnesaemia 
if they do not have an adequate Mg supply. 
Controversy about the effect of cannulation on animal performance and disturbance of 
digesta flow has been discussed before (Faichney, 1993). In our experience sheep were 
able to cope with the surgical procedure better than cattle, as indicated by rejection of the 
ileal cannulae from one of the cows used in this experiment. Post mortem examination of 
this animal, however, did not suggest pathological causes. However, large individual 
differences were observed between animals and species, as can be observed in the large 
values for the standard error of the means, especially in the measurement of large intestinal 
flow of cattle. Dietary factors have been suggested as a source of flow variation in 
comparative studies between species and within individuals of the same species (Hecker & 
Grovum, 1975) and early observations in sheep suggested a genetic basis for those 
differences (Tomas & Potter, 1976b), but the causes are still obscure and a combination of 
factors can not be ruled out. 
The flow of Mg along the gastrointestinal tract had been regarded as having the following 
pattern in ruminants: net absorption in the stomach and large intestine and net secretion in 
the small intestine (Laporte et aI., 2001). This pattern was reproduced in this experiment 
where, in both species, the main site ofMg absorption was the stomach and secondarily the 
large intestine. The small intestine was a site of net secretion in both species (Table 3). 
92 
. The detrimental effect of K on Mgabsorption in the rumen in sheep (Tomas & Potter, 
1976a; Greene et ai., 1983b; Leonhard-Marek & Martens, 1996) and cattle (Greene et ai., 
1983a) is well established. Although, ruminal absorption of Mg tended to be lower at high 
K intake, there was no significant difference in ruminal absorption between treatments in 
both species (Table 3). This could suggest that lower treatment of K used during this 
experiment produced a full depressor effect on Mg transport in the rumen, therefore further 
increases in K intake had little if any effect on Mg transport within the rumen (Table 3), as 
graphically observed in the range of PDt values and K concentrations within the rumen 
(Table 6). 
Early studies suggested that the increase in K intake produces a change in the Na/K ratio in 
the rumen that leads to an increase in the PDt (Scott, 1966) and that this relationship is 
positively and logarithmically related to increase in K intake and rise in PDt in sheep 
(Wachirapakom et ai., 1996). The increase in PDt is directly involved in the reduction of 
Mg uptake from the rumen (Martens et al., 1987), which is confirmed by the logarithmic 
relationship between PDt and increase in K load recorded in the present study (Table 6). 
The equations derived from the in vivo observations in both species (Figure 1) are similar 
to observations recorded elsewhere (Ferreira et ai., 1966; Scott, 1966; Martens & Blume, 
1986; Wachirapakom et ai., 1996; Jittakhot et aI., 2004). The values predicted by the 
equation in cattle tend to be lower than the values obtained for sheep in this experiment, 
but are within the range reported for sheep in the literature on a variety of diets (Figure 1). 
Some of the variation between measurements of PDt in sheep may be related to dietary 
factors, such as addition of concentrates (Gabel et ai., 1987; Uppal et ai., 2003). 
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Figure 1: Graphical representation of the equations reported for the effect of increasing ruminal potassium 
(K) concentrations on the transmural potential difference (PDt) of the rumen. Symbols represent 
observations in cattle (0, 30.21*log (K] -11.74) and sheep (e, 30.49* log (K] - 5.69) on pasture from the 
present study, sheep on 80% concentrates 20% hay as reported by Wachirapakorn et al. (1996) (0, 18.9 + 
0.66 {K]-O.003 {K]Jy, sheep on 80% concentrates 20% hay as reported by Jittakhot et al. (2004) (., 36.7*log 
(K] - 10.7), sheep infused with artificial solutions as reported by Ferreira et al. (1966) (Ll, 39.3*log (K]-
31.6) and Martens & Blume (1986) (£, 37.1*log (K] - 28.9). 
It has been suggested that the intestines compensate for losses of Mg absorption from the 
rumen produced by increasing K load (Dalley et ai., 1997b). This compensation was 
believed to occur in the large intestine, a site known for its absorptive capacity (Reynolds 
et ai., 1984; Dalley & Sykes, 1989; Bacon et ai., 1990; Dalley et ai., 1997b). Factors such 
as the high pH of digesta and formation of insoluble compounds could reduce Mg 
availability within the large intestine (Axford et ai., 1983; Dalley et ai., 1997a). But, in 
vitro studies have suggested that solubility of Mg in caecal samples could be greater than 
in ruminal samples although solubility seems to be diet dependant, being greater in hay 
than in grass samples (Dalley et ai., 1997a). Therefore, the large intestine could be ideal 
for a compensatory response if the ruminal absorption is depressed. 
In this experiment with sheep and cattle on pasture, a compensatory absorption of Mg 
occurred in the large intestine as a result of less ruminal absorption and greater small 
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intestinal secretion, suggesting a synergism between both sites. In fact, the (re) absorption 
of Mg from the large intestine in both species was crucial to reduce Mg losses within the 
intestine (Table 3). However, it was limited and overall it did not fully compensate for Mg 
secretion within the small intestine. Magnesium absorption within the large intestine is 
believed to be through a passive diffusion mechanism associated with the digesta 
concentration (water absorption) (Dalley & Sykes, 1989). This assumption would explain 
the linear and positive relationship between the amount ofMg that enters the large intestine 
and the amount ofMg absorbed (Table 3). 
On the other hand, net Mg secretion m the small intestine occurred mainly in the 
duodenum and comes largely from the contributions of the bile, pancreatic juice and 
duodenal glands (Field, 1961; Sklan & Hurwitz, 1985). Measurements of net secretion 
with slaughtered animals from this site suggest that in sheep this could be as much as twice 
the amount present in the diet (Sklan & Hurwitz, 1985). However, most of the Mg secreted 
is reabsorbed before it reaches the ileo-caecal valve (Field, 1961; Sklan & Hurwitz, 1985). 
Most of the Mg absorption at the ileum is thought to be from passive transport, however 
the existence of an active saturated transport system is not excluded (Care & van't 
Klooste~, 1965). The increase in Mg flow at the ileum as a consequence of the K 
treatments in this experiment suggests that some sort of interaction exists between these 
two elements within the small intestine. Explanations for this enhanced Mg secretion 
within the small intestine could be that water retention resulting from the treatment with K 
(Table 5) may reduce Mg concentration (dilution), and therefore lower passive uptake. 
Alternatively, if an active system exists, similar to that in rumen epithelia (Leonhard-
Marek & Martens, 1996), then K could have a direct effect on reducing Mg uptake caused 
by the increasing PDt within the small intestine. 
However, a comparison of the results observed here with the literature indicates that the 
magnitude of these transactions of Mg in both the small intestine and the limited 
reabsorption within the large intestine not only depended on the Mg concentration, but also 
depended on intrinsic dietary factors. For instance, lower rates of Mg absorption from hay 
diet at different segments of the gastrointestinal tract were observed when compared with 
concentrates diets in sheep (Field & Mumo, 1977). Similarly, sheep fed spring grass were 
more susceptible to hypomagnesaemia than sheep on hay diets; observations that were 
associated with the lower solubility of Mg in the rumen (Grace et ai., 1974). However, 
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dietary differences in solubility of Mg also were observed with in vitro manipulation of 
rumen and caecal digesta which suggested that solubility of Mg was lower in grass samples 
than samples of concentrate or hay diets, in both rumen and the caecal samples (Dalley et 
a!., 1997a). It has also been suggested that interactions with other minerals such as 
phosphates could reduce Mg solubility within the intestine (Axford et ai., 1983). 
Therefore, Mg transactions along the' intestines could have been affected by intrinsic 
factors in the diet that reduced Mg solubility and could explain differences in Mg flow 
observed here and reported elsewhere. 
Differences in water balance between species were related to the greater voluntary water 
consumption of cattle rather than to differences in net absorption capacity between species 
(Table 5). Treatment enhanced consumption and absorption of water in both species. 
However, the main difference between species was related to water turnover within the 
intestines. Water secretion in the stomach has been reported from experiments with 
slaughtered animals (Sklan & Hurwitz, 1985). This secretion may come from the salivary 
cycle and from a second mechanism of fluid movement in response to the increase in 
osmolar differences between ingesta and blood (Ternouth, 1967). Higher K concentration 
in the rumen may have increased the osmotic pressure, which could have induced a greater 
water secretion and may explain the rise in water flow observed in cattle, and with the 
highest treatment in sheep (50 g ofK/kg DMIIday), which could not be solely explained by 
the rise in water consumption or a greater saliva secretion in both species (Table 5). As a 
consequence of the greater water flow there w'as more (re) absorption of water within the 
intestine in both species (Table 5). Differences between sheep and cattle in water content 
of the ileal digesta suggest that in sheep most of the water absorption occurred in the small 
intestine whereas in cattle both small and large intestines share this function almost on an 
equal basis. Similarly, the amount of water absorbed by the large intestine was similar 
between species at any treatment. These observations are similar to other comparative 
studies which suggested that the large intestine of cattle and sheep had the same absorptive 
capacity, and differences between species in moist faeces were related to the water content 
of ileal digesta and small intestinal physiology (Hecker & Grovum, 1975). 
As expected, K balance was affected by the increased intake of K with increased 
absorption, apparent availability, faecal and urinary excretion of K. Differences between 
species were related to efficiency of K absorption. For instance, sheep had greater 
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absorption and urinary excretion of K than cattle and, in contrast, cattle had greater faecal 
excretion than sheep (Table 4). Most of the absorption of K occurred in the intestines in 
both species, and the addition of K to the diet enhanced ruminal absorption of K in both 
sheep and cattle here and as reported by others (Greene et at., 1983a; Greene et at., 1983b). 
Conclusion 
The results from this study suggest that sheep can not be used as a suitable model for Mg 
metabolism in cattle. Even when a linear reduction in Mg absorption accompanied the 
increasing K load in sheep and cattle, cattle were more sensitive to the increase in K intake. 
There also were greater endogenous losses within the intestinal tract of cattle, suggesting 
that sheep possess a better capacity to reabsorb endogenous secretions. The Mg absorption 
from the large intestine was crucial to reduce endogenous faecal losses of this mineral, 
especially in cattle, a process that seems to be driven by passive transport. Therefore, a 
suitable model of Mg metabolism in cattle needs to account for those differences between 
species or be based in the novo research in cattle. Further research also is required to 
understand the factors that could be involved in the absorption of Mg within the intestines, 
because these factors could have a great impact in the overall gastrointestinal Mg 
absorption. 
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Chapter 4 
A comparison between sheep and cattle of the effect of 
increasing mucosal potassium concentrations on electrical 
properties and the transport of magnesium of isolated rumen 
epithelia. 
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Abstract 
In ruminants, increasing potassium (K) intake is an important risk factor for 
hypomagnesaemia. In sheep increased intra-ruminal K concentration has been shown to 
elevate the transmural potential differ~nce, thus reducing the capacity for electrogenic 
magnesium (Mg) transport and lowering net Mg absorption. There are no comparative data 
for cattle but it has been suggested that there may be species differences in the effect ofK 
on rumen epithelial function. We used an in vitro Us sing chamber system to study the 
effect of K on electrophysiological properties and Mg transport of isolated ruminal 
epithelia from sheep and cattle. The results showed clear differences between these two 
species. Under standard conditions and open circuit voltage the trans epithelial potential 
difference (PDt) was lower in cattle than in sheep and conductance (Gt) was higher, 
although the short-circuit current (Isc) was similar. Addition of K to the mucosal bathing 
solution caused a marked elevation of PDt, and Isc in sheep ruminal epithelia whereas this 
effect was less dramatic in cattle epithelia. Measurement of the net transport of Mg in 
cattle epithelia showed that it was saturated at higher Mg concentrations (10 vs. 5 mM) and 
occurred at twice the rate recorded in sheep epithelia (289.61 ± 11 0.0 vs. 120.2 ± 43.25 
nmol.cm-2.h-1). The increase in mucosal K concentration did not have a marked effect on 
Mg transport in rumen epithelium of sheep, whereas in cattle it caused a large reduction in 
the influx of Mg (57.2 ± 12.72 vs 2.9 ± 12.72 nmol.cm-2.h-1) with little change in Mg 
efflux. We suggest that these species differences in response to K may explain the differing 
ability of sheep and cattle to absorb Mg at this site under high K diets. 
Introduction 
In ruminants it is recognised that increased intake of potassium (K) interferes with 
absorption of magnesium (Mg) and predisposes animals to hypomagnesaemic tetany 
(Dalley et al., 1997). The underlying mechanisms of magnesium absorption have been 
studied mainly in sheep, using in vivo and in vitro techniques, and the findings of these 
studies have been extrapolated to cattle based on the assumption that Mg absorption along 
the gastrointestinal tract is similar in all ruminant species. However, compilation of 
evidence from several nutritional studies has allowed Adediji & Suttle (1999) to suggest 
that Mg absorption in cattle may be less sensitive to increasing K intake than in sheep and 
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that cattle probably have lower general ability to absorb Mg. The importance of Mg 
homeostasis in cattle indicates a need to study these mechanisms directly. As the rumen is 
a major site of Mg absorption, it is necessary to investigate this organ for possible 
between-species differences in epithelial transport mechanisms. 
This study examined the electrophysiological properties of isolated rumen epithelial sheets 
from sheep and cattle and compared the responses in these measurements and the transport 
of Mg to differing concentrations of K in the fluid bathing the mucosal surface. 
Materials and Methods 
Tissue collection, preparation and incubation conditions 
The animals sampled in this experiment had been pastured under typical New Zealand 
grazing conditions, with pastures containing combinations of temperate grass species, 
such as ryegrass (Latium perenne spp.), and white clover (Trifolium repens). Rumen tissue 
of sheep and cattle was obtained from a local slaughter house within 5 min after slaughter. 
Pieces of wall (120 cm2) were cut from the rumen ventral sac and the mucosa stripped 
from the underlying muscle layers and serosa, then rinsed in warm standard buffer solution 
(see Table 1). The clean mucosal sheets were transported to the laboratory in a vacuum 
flask containing the standard buffer solution that had been heated to 38°C and gassed with 
95% 0 2/5% CO2. In the laboratory the samples were mounted in 4 acrylic Us sing 
incubation chambers (model CHM1, World Precision Instruments, Sarasota, Florida, 
U.S.A.) by lightly spreading the tissue over 5 stainless steel pins that aligned the two half-
chambers (1 ml volume each) across a 12 mm diameter circular opening (1.13 cm? of 
exposed area) or a 2 cm diameter opening (3.14 cm2 of exposed area) for transport studies. 
Elapsed time from collection of the sample to mounting of the tissue was less than 45 min. 
Each incubation half-chamber was connected to an individual reservoir containing the 
standard buffer solution at a constant temperature (38°C) and continually stirred with a 
gas-lift system that supplied a mixture of 95% 0 2/5% CO2 . After each run chambers were 
clean with a solution of 10 % O.lN nitric acid and rinse thoroughly with nano-pure water. 
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Electrical measurements 
Electrical measurements were continuously recorded usmg a 4-channel computer-
controlled voltage clamp device. Silver/silver chloride (AglAgCl) pellet electrodes (EKV, 
World Precision Instruments, Sarasota, Florida,. U.S.A.) were connected by 5 cm 3 M KCl-
agar bridges (4% agar, Davis Gelatine, Company, New Zealand) to the chambers near (2 
mm) each surface of the tissue to record transepithelial potential differences (PDt). Larger 
silver/silver chloride pellet electrodes (EKC, World Precision Instruments, Sarasota, . 
Florida, U.S.A.) were connected to the chambers, as above but with the KCl-agar bridges 
at 3 cm distance from each tissue surface, for application and recording of current. Voltage 
electrode offset potential and chamber correction resistance was determined prior to 
mounting of the tissues and corrected for in all subsequent recordings. Throughout each 
recording session PDt was measured under open-circuit conditions. Short-circuit current 
(Isc) was measured during the computer-controlled application of a voltage clamp that set 
the PDt to zero. Also, a variety of clamp voltages within the range from 0 m V to PDt was 
applied to the system at random for 10 to 20 seconds at a time and the resulting currents 
-
were recorded to enable calculation of the tissue conductance (Gt). This calculation 
incorporated a continuous filtering method to eliminate effects of minor drift in the voltage 
electrode offset potential. 
Preparation of stable isotope solutions 
A solution of magnesium chloride (MgCh) containing stable isotopes of Mg was prepared 
according to the method described by Coudray et al. (1997), where 100 mg of enriched 
25Mg (96.7% 25Mg, 2.2% 24Mg and 1.1% 26Mg) in the oxide form (164 mg of MgO, 
Novachem Pty. Ltd., Australia) was moistened with 1 ml of demineralised water .and then 
1 ml of 12M HCI (Suprapure) was added to transform the oxide into the soluble chloride of 
Mg. The solution was then neutralised with 1 ml of 1M NaOH and 12.5 ml of 1.67M 
NaHC03 and made up to 100 ml with buffer solution (Table 3) that was devoid of short 
chain fatty acids (SCF A). The concentration of Mg in this solution was around 2 mg/ml. 
The same procedure was used to prepare a solution of standard Mg (78.99% 24Mg, 10.0% 
25Mg, and 11.01 % 26Mg) using standard Mg oxide. 
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Evaluation of fluxes of Mg in Ussing chambers systems. 
A standard solution of chromium ethylenediaminetetra-acetic acid (Cr-EDTA) and the 
following formula (1) was used to assess the correct volume of the reservoirs. 
v c (1) 
v = total volume (ml); V[ = volume of infusate added (ml); C[ = chromium concentration of 
infusate (gil); C = concentration ofCr-EDTA on the sample (gil). 
The flux of Mg across the epithelium was calculated according to the formula: 
JMg JMg 
rns J sm A.T (2) 
J~sg, J~g = unidirectionalfluxes ofMg (mmol.cm-2.h- I), ms = flux from the mucosal to the serosal 
side, sm = flux from the serosal to the mucosal side; XMg I .o= concentration of the stable isotope of 
XMg in the buffer solution at times to and tl (nmollml). Vo, 1= volumes of the bathing solution at to 
and tl (ml); T= time interval between sampling (h); A= area of epithelium exposed in the chamber 
(cm2). 
Experimental procedures 
Experiment 1,' Comparison of electrophysiological properties of isolated rumen 
epithelia from sheep and cattle 
Rumen epithelial samples from 8 sheep and 8 cattle were individually mounted on the 
Ussing chamber systems. Recordings ofPD(, Isc and Gt were collected for 160 min after the 
tissues were mounted and the chambers filled with incubation buffer solution (Table 1, 
standard solution for Experiment 1). After 30 min, the incubation buffer from both half-
chambers of each preparation was removed and replaced with fresh solution (i.e. at 0 
minutes on Figure 1). The recordings were amalgamated into 10 min means for reporting 
and statistical analysis purposes. 
To confirm that the values obtained in this study were produced by energy-dependent ion 
transport processes in these epithelia, an ATP-ase inhibitor (0.1 mM ouabain, Sigma 
Chemical Company, St Louis, Missouri, U.S.A.) was administered on two occasions to the 
serosal half-chamber of 4 sheep and 4 cattle rumen epithelial samples 30 min after 
mounting and recordings were taken for a further 160 min. 
Experiment 2: Comparison between sheep and cattle of the effect of increasing 
mucosal potassium concentrations on electrical properties of isolated rumen 
epithelia 
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Rumen epithelial samples from 19 sheep and 21 cattle were set up as in Experiment 1, 
except that a different incubation buffer solution (Table 1, standard solution for 
Experiment 2) was used. After 30 min (0 min on Figure 2), the solutions from both half-
chambers were removed. The serosal half-chamber was re-filled with the standard buffer 
solution (5 mM K) and the mucosal half-chamber was refilled with the same buffer 
solution, or with a buffer solution containing either 15 mM K (Table 1, Solution 1 for 
Experiment 2) or 50 mM K (Table 1, Solution 2 for Experiment 2). Recording commenced 
10 min later and was continued for 160 min. 
Table 1: Formulation of incubation buffer solutions used to measure electro physiological 
properties of rumen epithelia. All values are millimolar (mM) concentrations. 
Experiment 1 Experiment 2 
Compounds Standard Standard Solution 1 Solution 2 
(5 mM K) (5mM K) (15 mM K) (50mMK) 
NaCI 85 80 70 45 
KCl 5 5 15 40 
NaHC03 25 25 25 20 
KHC03 5 
NaOH 7 10 10 5 
KOH 5 
CaCl] 1 2.5 2.5 2.5 
MgCI] 2 2.5 2.5 2.5 
Na]HP04 I 1 I 1 
NaH]P04 2 2 2 2 
glucose 10 15 15 15 
Na-acetate 13 13 13 13 
Na-propionate 13 13 13 13 
butyric Acid 13 13 13 13 
ENa 147 145 135 100 
EK 5 5 15 50 
ENa+K 152 150 150 150 
Experiment 3: Comparison between sheep and cattle of the saturation kinetics for 
the uptake of magnesium at increasing mucosal magnesium concentrations 
To compose this experiment, samples of rumen epithelia of sheep and cattle were mounted 
on 2 cm diameter (3.14 cm2 surface area) chambers. After the epithelia were incubated 
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with standard solutions for 30 min, solutions in both reservoirs were drained and the 
serosal side replaced by 16 ml of standard solution and the concentration of Mg on the 
mucosal side was increased by replacing the standard solution with 16 ml of a solution 
containing 2, 4, 8 or 16 mM Mg (Table 2). After 1 h of incubation a 3 ml sample was 
obtained from the serosal side and stored for later analysis. 
Table 2: Formulation of incubation buffer solutions used to measure the saturation kinetic 
of the magnesium uptake by rumen epithelia. All values are millimolar (mM) 
concentrations. 
Compounds 
Mg concentration (mM) 
0 2 4 8 16 
NaCl 80 76 72 64 48 
KCl 5 5 5 5 5 
NaHCO j 25 25 25 25 25 
NaOH 10 10 10 10 10 
CaCI:: 1 1 1 1 1 
MgCI:: - 2 4 8 16 
Na::HP04 1 1 1 1 1 
NaH::P04 2 2 2 2 2 
glucose 10 10 10 10 10 
Na-acetate 13 13 13 13 13 
Na-Propionate 13 13 13 13 13 
butyric Acid 13 13 13 13 13 
mannitol 1 3 5 9 17 
Osmolarity (mOsmll) 300 300 300 300 300 
Osmolality (mmollkg) 295 287 292 293 277 
The osmolarity of the solutions was standardised at around 300 mOsm/1 by the addition of 
mannitol and confirmed using a vapour pressure osmometer (Vapro® 5520, Wescor Inc., 
USA). The concentration ofMg was increased at the expense of sodium. 
The samples and buffer solutions were analysed for total Mg concentration by flame 
absorption spectrometer (Avanta 909, GBS Scientific equipment Ltd., Australia) in the 
Agricultural and Life Science Division, Lincoln University. 
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Experiment 4: Comparison between sheep and cattle of the effect of increasing 
mucosal potassium concentrations on the magnesium uptake and secretion by 
isolated rumen epithelia 
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Rumen epithelia were placed in the standard buffer filled chambers and allowed 30 min to 
reach steady state conditions after which the buffer solutions were changed by adding at 
random 16 ml of a different K solution to the mucosal side chamber. After a further 30 min 
of incubation, 0.5 ml of 25Mg solution was added to the mucosal side and the same amount 
of 24Mg was added to the serosal side. After 30 min of incubation 1 ml samples were taken 
from each chamber (to). After a further 60 min of incubation 1 ml of solution was sampled 
from both chambers (t\). Subsequently, 0.1 ml ofa solution ofCr-EDTA was added to both 
chambers and another 1 ml sample was obtained after few min. 
The samples were analysed for stable isotopes of Mg and chromium concentration using 
inductively coupled mass spectrometry (lCP-MS) in Hill's laboratories, Hamilton, New 
Zealand. 
Table 3: Formulation of incubation buffer solutions used to measure the bidirectional 
fluxes of the magnesium in rumen epithelia. All values are millimolar (mM) 
concentrations . 
Compounds 
K concentration (mM) 
Standard (5) 15 25 50 75 
NaCl 80 70 65 60 35 
KCI 4 14 19 24 49 
NaHCOJ 25 25 20 10 10 
KHCOJ 1 1 6 16 16 
NaOH 10 10 5 0 0 
KOH 0 0 5 10 10 
CaCI] 1 1 1 1 1 
MgCl] 
Na]HP04 1 1 1 1 1 
NaH]P04 2 2 2 2 2 
glucose 15 15 15 15 15 
Na-acetate 13 13 13 13 13 
Na-Propionate 13 13 13 13 13 
butyric Acid 13 13 13 13 13 
I:Na 145 135 120 100 75 
I:K 5 15 30 50 75 
I:Na+K 150 150 150 150 150 
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Statistical analysis 
To analyse data for electrical properties, a linear mixed model (REML) was applied to 
account for the repeated measurement type of data using Genstat® 7.2 (Lawes Agricultural 
trust, 2004). From the REML analysis differences between and within species and between 
treatments were established. The moc\el included species, treatments, time course and 
variability between individuals. Data are reported as the mean and the standard error of the 
differences (SED). 
To evaluate differences between 'species for the saturation kinetics of Mg, the results 
obtained were plotted using regression analysis (Genstat® 7.2) and the Eadie-Hoftee Plot to 
access the Michaelis-Menten constant (Km) and the maximal efflux (V max) values. 
Statistical analyses of the transport of Mg in isolated epithelia were carried out by analysis 
of variance (Genstat® 7.2). After two weeks of experimentation precipitation in the stock 
solution of 25Mg was detected, but was solved by adding 1 ml of HCI to both solutions, 
24Mg and 25Mg. However, the precipitation of 25Mg caused a gradient of concentration 
between reservoirs that invalidated results for the minimal and maximal K concentrations 
tested (15 and 75 mM). These data were not included in the analysis and they are not 
presented here (Table 6). Results for net Mg transport (J~~) were analysed using the 
Anderson-Darling normality test and values are expressed as the mean and standard error 
of the differences. 
Results 
Experiment 1: Comparison of electro physiological properties of isolated rumen 
epithelia from sheep and cattle 
Continually recorded data (Figure 1) indicate that there was an initial period of about 30 
minutes in which the electrophysiological parameters of rumen epithelia reached 
apparently stable values (i.e. about time 0) after which there were slower changes, possibly 
reflecting a progressive decline in membrane function. The latter changes were more 
pronounced in the samples from cattle. 
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Figure I: Time course of electrophysiological parameters (A) PDt Transepithelial potential difference, (B) Ise 
Transepithelial short-circuit current and (C) Gt Transepithelial conductance of isolated rumen epithelia of 
sheep (e) and cattle (0) (*P < 0.05). 
There were significant between-species differences for PDt and Gt (P < 0.001, in both 
cases) but not for Isc (Figure 1 and Table 4). 
Table 4. Electrophysiological parameters recorded from isolated rumen epithelia of sheep 
and cattle (PDt transepithelial potential difference, Isc transepithelial short-circuit current 
and Gt transepithelial conductance). 
n PDt (mV) 
Sheep 8 6.05±0.23" 14. 94±0.39" 4.21±0.26" 
Cattle 8 3.46±0.2l' 13.96±0.41" 6.49±0.27h 
(') Within columns. means with different letter superscripts indicate significant between-species 
differences (P < 0.001) 
Effect of ouabaill 
Addition of 0.1 mM of ouabain to the serosal side of the rumen epithelium completely 
abolished PDt and Isc in both species. 
Experimellt 2: Comparisoll betweell sheep alld cattle of the effect ofillcreasillg 
mucosal potassium cOllcelltratiolls 011 electro physiological properties of isolated 
rumell epithelia 
After the incubation buffer solutions were changed, the electrophysiological parameters of 
rumen epithelia exhibited a similar set of time-related changes to those recorded in 
Experiment 1. However, in all cases there were dose-dependent effects of K concentration 
on these parameters and these effects differed between species (Table 5). PDt and Isc 
-. ..' 
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increased with increasing K concentration of the mucosal buffer solution in rumen 
epithelia from both species, but the absolute values were always higher in the sheep 
samples than in those from cattle (Table 5). Though, relatively the response to the mucosal 
increase K was similar between species. 
Table 5: Electrophysiological paramet~rs recorded from isolated rumen epithelia of sheep 
and cattle exposed to different mucosal K concentrations (PDt transepithelial potential 
difference, Isc transepithelial short-circuit current and Gt transepithelial conductance). 
[KJ Sheep Cattle 
(mM) n PD, (mV) Ise (/.LA.cm-C) G, (mS.cm-") n PD, (mV) Ise (flA. cm -J) G, (mS.cm·1) 
5 8 6.14 ± 1.10" 18.37 ± 7.67" 4.20 ± 1.84" 7 1.80 ± 1.10" 11.35 ± 7.67" 9.01 ± 1.84" 
15 5 6.82 ± 1.24" 38.91 ± 8.68" 7.99 ± 2.06" 7 3.02 ± 1.24" 14.13 ± 8.68" 7.07 ± 2.06" 
50 6 11.96 ± J.J8" 53.44 ± 8.25" 6. 13 ± 1.97"" 7 3.99±1.18" 28.26 ± 8.25" 12.31 ± 1.97" 
(') Within columns, means with different letter superscripts indicate significant (P < O. 00 1) 
differences between K treatments. Between-species differences were significant (P < 0.001) for all 
parameters at each K treatment. 
Experiment 3: Comparison between sheep and cattle of the saturation kinetics/or the 
uptake of magnesium at increasing mucosal magnesium concentrations. 
Because the concentrations of Mg in the buffer solutions (Table 2) were lower than 
expected, values were plotted against the actual rather than the expected concentrations 
(Figure 2). The net Mg absorption of the isolated rumen epithelia increased as the 
concentration of Mg on the mucosal side increased in both species. Results suggested that 
Mg transport in sheep ruminal epithelium saturated at lower mucosal Mg concentrations 
than for cattle. However, the large variation between samples meant that the results were 
not statistically significant. Using the Eadie-Hofstee plot, the Michaelis-Menten constant 
(Km) was calculated as 4.73 ± 3.43 and 9.59 ± 6.02 mM, and maximal efflux (V max) 120.2 
± 43.25 and 289.61 ± 110.0 nmo1.cm-2.h-1 for sheep and cattle, respectively. 
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Figure 2: The effect oj increasing the mucosal concentration oj Mg on the net transport of 
Mg by isolated ruminal epithelia of sheep and cattle. The lines represent the best fit 
exponential equation for cattle (R2 = 0.65) and sheep (R2 = 0.35). 
Experiment 4: Comparison between sheep and cattle oJthe effect of in creasing 
mucosal potassium concentrations on the magnesium uptake and secretion by 
isolated rumen epithelia 
Results for fluxes, net transport of Mg, transport from mucosal to serosal sides and vice 
versa and differences between species are shown in Table 6. 
Table 6. The effect of increasing the mucosal concentration oj K on Mg fluxes across 
isolated rumen epithelia of sheep and cattle . .f1g terms refer to the unidirectional flux of 
Mg, (ms) mucosal to serosal side or absorption, (sm) serosal to mucosal side or secretion 
and (net) to the net transport of Mg. 
Tran~ort (nmol.cm--.h-') 
Direction n K concentration (mM) SED Cattle SheeJ2. 
25 50 25 50 S T TxS 
J Mg IDS 4 57.5 2.9 17.3 30.7 12.72" 12.72 17.99" 
J Mg SID 4 48.1 41.2 9.9 19.5 12.72" 12.72 12.72 
J Mg net 4 9.4 -38.2 7.4 Il.1 12.62" 12.62(/ 17.85(/ 
(') p < 0.05, () P < 0.01, () P < 0.001, (S) species, (T) treatment, (TxS) interaction treatment by 
species. 
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Magnesium uptake (J~sg) at 25 mM of K in cattle was three times greater than in sheep 
(Table 4); however secretion (J:::) offset this apparent advantage in the cattle. An increase 
in K concentration on the mucosal side from 25 mM to 50 mM reduced J:; dramatically 
in cattle rumen epithelia because the product, J:;, was enhanced by the reduction in J~sg 
and constant J~g, whereas in sheep, J~: and J::: remained almost the same. 
Discussion 
There are no similar comparative studies in the literature on the electrophysiological 
properties of the tissues of sheep and cattle, but the average values recorded here are 
similar to those reported for sheep (Martens et ai., 1987a; Martens et ai., 1987b; Leonhard-
Marek et ai., 1998; Uppal et ai., 2003) and cattle (Diemaes et al., 1994; Sehested et ai., 
1996; Sehested et ai., 1999) under normal incubation conditions. Elimination of the current 
generating activity of these epithelia following addition of ouabain confirmed energy-
dependent ion transporting processes, presumably dominated by Na ions (Martens et ai., 
1988), as the source of the electrophysiological measurements recorded in this study. 
In general, ruminal epithelia of sheep developed higher PDt than those of cattle but had 
similar Isc under voltage clamp conditions and, thus lower Gt. The higher PDt of ruminal 
epithelia of sheep under open circuit conditions is in keeping with the apparent poorer 
ability of sheep, in comparison with cattle, to absorb divalent cations such as Mg across the 
rumen wall (Martens et ai., 1978; Martens, 1983). However, the maximum values of PDt 
recorded in this study were lower than those reported in the literature. A major difference 
between the present study and the others is the diet of animals at the time of slaughter. The 
inclusion of concentrates in the diet has been shown to increase the transmural potential 
difference in temporarily isolated rumen of sheep (Gabel et ai., 1987). Isolated ruminal 
epithelia of sheep fed with hay had higher Isc than those of animals fed on concentrates, 
although Gt was similar between the groups (Uppal et ai., 2003). Such an effect of diet 
could explain the lower values for PDt in epithelia from the animals recorded in the present 
study, which were pasture-fed. 
Saturation kinetics of Mg transport measured on isolated rumen epithelia of both species 
(Experiment 3) showed that cattle had a greater capacity for Mg transport than sheep; this 
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greater capacity is also related to a higher saturation concentration. A similar saturation 
concentration has been observed in sheep (saturation at 4 to 5 mM) (Brown et ai., 1978; 
Martens et al., 1978) and in temporarily isolated rumen of cattle where Mg transport seems 
to saturate at Mg concentration of 12 mM (Martens, 1983). Values for maximal rate of 
uptake (120 nmol.cm-2.h-1) however, were lower than values observed in isolated rumen 
epithelia of sheep (208.3 nmol.cm-2.h-1) '(Martens et ai., 1978). 
The predominant site of Mg absorption within the gastrointestinal tract in sheep (Tomas & 
Potter, 1976) and cattle (Rogers & ~an't Klooster, 1969) is the rumen. Absorption ofMg at 
this site has been attributed to two different mechanisms. An electroneutral mechanism 
dependant on the transport of anions such as short chain fatty acids (SCF A) and CO2 
(Schweigel & Martens, 2003) and a passive transport mechanism related to and dependant 
on the electrochemical gradient between rumen contents and the bloodstream or 
'electrogenic mechanism' (Leonhard-Marek & Martens, 1996). The electrochemical 
charge of the rumen is largely negative and changes in transmural potential difference are 
directly affected by changes in the intra-ruminal Na:K ratio (Martens & Blume, 1986), so 
the species differences in the responses of the isolated ruminal epithelia to changing K 
concentration recorded here may account for possible species differences in ruminal Mg 
absorption. 
In contrast, secretion of Mg in sheep appears to be largely confined to a paracellular 
pathway (Martens & StOssel, 1988) and measurements of conductance in this study give 
some insight into this avenue of ruminal transport. The values recorded here (Tables 3 and 
4) were much higher than those previously recorded in sheep (1 to 2.5 mS/cm2, calculated 
from resistance values, (Ferreira et al., 1966; Martens & StOssel, 1988) and cattle (2".7 to 
3.7 mS/cm2, calculated from resistance values (Diernaes et ai., 1994; Sehested et al., 1996) 
and show a larger difference between species. It is likely that the different feeds of the 
animals explains apparent discrepancies between the present and earlier studies, but the 
species difference in conductivity recorded here indicates greater paracellular leakiness in 
the cattle rumen which could cause greater loss of absorbed Mg in this species. 
Mg transport in isolated rumen epithelia was assessed using stable isotopes of Mg, as these 
provide a reliable method for assessing Mg transport in other epithelia and cell systems 
(Coudray et ai., 1997; Stegmann & Quamme, 2000). Results of the present study, observed 
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at K concentrations of 25 mM in both species were in agreement with differences in 
capacity of absorption from the rumen between species (Experiment 3). On the other hand, 
the greater Mg secretion observed in cattle in comparison with sheep could be explained by 
differences in conductance arising from a leakier paracellular route (Table 4 and 6). 
One of the main factors that alter Mg transport in rumen epithelia is the increase in ruminal 
K concentration that results from increased intake of spring pasture rich in this mineral 
(Fontenot et al., 1989). The present results indicated a greater dynamism of isolated 
epithelia of sheep rumen in respo~se to increasing concentrations of K on the mucosal 
surface. In sheep, both PDt and Isc were increased by raising the mucosal K concentration 
from 5 to 15 mM whereas the epithelia of cattle hardly responded at all (Table 5). This 
effect of mucosal K concentration on electrophysiological properties of ruminal epithelia 
has been demonstrated previously in sheep (Martens & Blume, 1986). In addition, in vitro 
(Martens & Blume, 1986) and in vivo (Wachirapakom et a!., 1996) studies of sheep have 
demonstrated an inverse relationship between ruminal K concentration and Mg absorption. 
It has been shown that the predominant contribution to Isc in the sheep rumen is the 
electrogenic absorption ofNa, which partially represents a divalent sensitive, non-selective 
cation conductance (NSCC) (Lang & Martens, 1999; Leonhard-Marek et a!., 2005). The 
change in the ratio of Na:K in the rumen in favour of K stimulates the uptake of Na by 
rumen epithelia as a compensatory mechanism (Leonhard-Marek et al., 2005). However, 
the enhanced N a uptake due to this NSCC mechanism also generates a rise in PDt, Isc and 
reduces cytosolic Mg concentration, a phenomenon that would explain the reduction ofMg 
uptake in conditions of high mucosal K concentration (Leonhard-Marek et a!., 2005). 
Therefore, together with the rise in K concentration it was expected that there would be an 
increase in Isc that could indirectly indicate activation of the Na compensatory system. In 
fact, K concentrations in the order of 15 mM elevated Isc in sheep which suggests that, at 
the concentrations of K used in this experiment (25 mM and 50 mM), there was already a 
maximal effect of K on Mg transport in the sheep rumen epithelium (Table 5 and 6) and 
further increases in K concentration did not have a major impact on the absorptive capacity 
(Table 6). Moreover, it has been observed that in the sheep rumen epithelium the 
electrogenic mechanism of Mg transport accounts for only 40 to 50% of the total Mg 
transported, the rest being due to the electroneutral mechanism and not affected by the 
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increase in K intake (Schweigel & Martens, 2003). The lack of effect of increasing K 
concentration on Mg transport in sheep ruminal epithelia observed in Experiment 4 is an 
unexpected finding that does not fit the literature. This finding may be an anomaly or it 
could results from the small sample size. Alternatively it could be that the similar Mg 
absorption at 25 and 50 mM ofK observed in sheep was the result of the Mg uptake driven 
by the electroneutral mechanism, supporting the idea of a maximal effect of K at lower 
concentrations. However, it could also mean that at the K concentrations used there was no 
effect of K on Mg transport and greater concentrations are needed to observe a reduction in 
Mguptake. 
In cattle, on the other hand, the greater effect on Mg transport caused by the addition of K 
was offset by a small effect on Isc, smaller than the effect of K on Isc observed in sheep 
(Table 5 and 6). This should imply a lower effect of K on the ruminal epithelium of cattle. 
However, most of the ruminal Mg transport in cattle was blocked by the elevation of 
mucosal K concentration. It is possible that most of the transport of Mg in this species 
could occur via the electrogenic mechanism (Table 6), therefore only a small change in K 
concentration could generate a depression in Mg uptake in cattle. The fact that cattle rumen 
epithelium showed only small electrochemical changes resulting from the increase in 
mucosal K concentration could also be an technical artefact, because readings of 
electrophysiological parameters by the techniques used in this experiment can not 
distinguish between the different cellular and paracellular components that will influence 
those readings, therefore the true effect of K on each of these components could not be 
accessed and further studies are needed to resolve these processes. 
Clearly, the main differences between two species in Mg metabolism appears to be-the 
amount of Mg lost via paracellular leakage, which in the case of cattle, could be one of the 
major causes that contribute to their poor net absorptive capacity for Mg and be a major 
factor in the incidence of hypomagnesaemic tetany in this species when exposed to high K 
intake_ 
Conclusions 
Electrochemical measurement of isolated rumen epithelia of sheep and cattle suggested 
differences between species, both in standard conditions and where they were exposed to 
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increasing K concentrations on the mucosal side. The absorptive capacity of sheep rumen 
epithelia seems to be lower than cattle. However, the greater absorptive capacity of cattle 
seems to be offset by greater losses of Mg through the paracellular route. The mucosal 
addition of K from 25 mM to 50 mM exacerbated the losses of Mg in cattle by the 
reduction in Mg influx with constant Mg efflux, but did not have a great impact on Mg 
transport in sheep. We suggest that these physiological differences at the epithelial level 
make cattle more susceptible to than sheep to hypomagnesaemic tetany. This study 
strongly indicates the need for models of Mg homeostasis in cattle to be based on de novo 
measurements from cattle studies, r~ther than simply from size-based extrapolation of data 
from sheep. 
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Chapter 5 
General discussion 
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The current status of metabolism and the factors that control the apparent availability and 
absorption of magnesium (Mg) along the gastrointestinal tract of ruminants is reviewed in 
Chapter 1. Magnesium absorption in ruminants occurs mainly in the rumen (Tomas & 
Potter, 1976), but Mg can also be absorbed from the large intestine if enough Mg reaches it 
(Dalley & Sykes, 1989). It is suggeste.d that the small intestine is a site of net secretion 
(Chapter 1). 
Potassium is the main depressor of Mg absorption, reducing Mg uptake in the rumen 
(Leonhard-Marek & Martens, 1996). However, it is suggested that a compensatory 
absorption occurs in the intestines to account for the reduction in Mg absorption from sites 
prior the pylorus (Dalley et al., 1997b). These authors speculated that the large intestine 
was the site of this compensation. Additionally, most of the knowledge of Mg metabolism 
has been based on experimental data obtained with sheep and this has been scaled to cattle. 
A recent literature review suggested that differences exist between these species in 
sensitivity to K intake and that these differences may depend on the diet that these animals 
received (Adediji & Suttle, 1999). The authors proposed that sheep were more sensitive to 
K intake, because the reduction in Mg apparent availability with increasing dietary K was 
larger in sheep than in cattle. Experiments in Chapter 3 searched for those differences in 
sensitivity to K intake between species and, as in Chapter 2, sought for the site of 
compensation within the intestinal tract. 
Three treatments levels of K bicarbonate were used to increase dietary K intake from 30 
g/kg DMIIday up to 50 g/kg DMIIday, similar to the higher values observed in New 
Zealand pastures (Smith & Middleton, 1978). The results from the experiment describ~d in 
Chapter 3 showed that cattle seemed to be more sensitive to the increase in K supply. 
When K concentrations in the diet of cattle rose from 30 to 40 g/kg DMIIday, both urinary 
excretion of Mg and Mg absorption was reduced by almost 50%, whereas in sheep a 
similar effect was observed only with the highest K treatment (50 g of K/kg DMIIday). 
Similar results have been observed individually in sheep (Chapter 2; Greene et aI., (1983b) 
and cattle (Greene et a!., 1983a). 
The effect of K on the absorption of Mg from the stomach was less marked than expected 
in both species, although there was a trend for reduced Mg absorption from the stomach 
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following the increase in K intake in cattle (Chapter 3). Experiments with cannulated sheep 
and cattle also have shown that the main site of reduction in Mg absorption resulting from 
the increase in K intake is prior to the duodenum (Greene et at., 1983a; Greene et at., 
1983b). An explanation for the minimal response to K intake on a pasture based diet could 
probably lie in the transmural potential differences and the small range ofK concentrations 
observed in the rumen of both species'(Chapter 3). Similarly, the largest treatment effect 
on Mg absorption in the stomachs was seen in sheep fed concentrates with a wider range of 
K concentration (Chapter 2), between 15 to 47 g of Kid, but there were no differences in 
Mg absorption from the rumen of l)heep with the highest treatments (38 to 47 g of Klday). 
It is probable that the small change in total uptake of Mg was due to the limited range of 
ruminal K concentrations used during the experiment described in Chapter 3. 
However, differences between diets can not be excluded. In early experiments performed 
in sheep fed with concentrates and hay showed that most of the reduction in Mg absorption 
due to the K treatment occurred in the stomachs (Chapter 2) but a similar pattern could not 
be reproduced in pasture conditions (Chapter 3). In part, this could be explained by the 
greater Mg intake and therefore greater Mg concentration for absorption in the rumen 
observed during the course of the concentrate-based experiment (Chapter 2). It could also 
be related to the known effect of concentrate diets in inducing adaptive processes in the 
rumen epithelia that lead to enhanced absorptive capacity of the rumen wall, and therefore 
increase Mg absorption (Gabel et at., 1987). 
On the other hand, the fact that most of the Mg absorption occurred in the stomachs and 
that the observed effect of K on the absorption of Mg from this region was more consistent 
in cattle than in sheep suggested physiological differences between species. 
The physiological differences between species in isolated rumen epithelia were pursued in 
the experiments described in Chapter 4. In a first experiment, electrochemical properties of 
isolated rumen epithelia of both species were tested under standard conditions. It was 
found that the epithelia of sheep and cattle behaved differently. Measurement of 
trans epithelial potential difference (PDD, short -circuit current (lsc) and conductance (Gt) 
showed that compared with sheep, cattle have a lower PDt and higher Gt. These findings 
suggest that the rumen epithelium of cattle is leakier than that of sheep and therefore the 
paracellular route of transport in cattle is of relatively greater important. These differences 
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III electrochemical properties were exacerbated by the addition of K. The mucosal 
elevation of K concentration produced an increase in Isc and PDt in sheep, whereas with 
isolated rumen epithelia of cattle, the effect ofK was less marked. 
Similarly, Mg transport has been shown to be active and saturated in both species (Martens 
et al., 1978; Martens, 1983). The US6ing chambers were used here to investigate the 
saturatibn kinetics of Mg transport and stable isotopes of Mg were used to measure the 
transport of Mg and the effect of K on Mg transport. Isolated rumen epithelia of both 
species were mounted in the cha~bers and exposed to increasing mucosal concentrations 
of Mg in open-circuit conditions. Results confirmed early independent observations in 
sheep (Martens et al., 1978; Care et al., 1984) and cattle (Martens, 1983), that cattle 
absorbed Mg at a greater rate and saturation of the Mg transport system occurred at a 
higher Mg concentration than in sheep. The higher rate was confirmed by use of stable 
isotopes, where Mg influx in cattle was greater than in sheep under reduced K 
concentrations. However, this was counterbalanced by a higher efflux ofMg, probably via 
paracellular leakage. Increased K concentration on the mucosal side had little effect on Mg 
transport in sheep but produced a significant reduction of net Mg transport in cattle. This 
detrimental effect of K on cattle rumen epithelia was a result of both reduced Mg influx 
and sustained Mg efflux. 
The results described in Chapter 4 are in agreement with the previous observations in vivo 
(Chapter 3), where K seemed to have a greater effect on Mg absorption in the rumen in 
cattle than in sheep. It seems that much of the difference in Mg uptake from this site and its 
sensitivity to the rise in K concentrations is explained physiologically by paracellular 
losses of Mg in cattle, although differences in transport systems can not be ruled out: The 
experiments performed in isolated rumen epithelia and described in Chapter 4 were 
designed to obtain basic information on differences between species in electrochemical 
properties and the transport of Mg in standard conditions. The determination of specific 
transport systems will require the manipulation of isolated epithelia. For instance, two 
mechanisms of Mg transport have been suggested for sheep ruminal epithelia in the apical 
membrane of the rumen cells. The first is an electrogenic mechanism, that passively 
transports Mg into the rumen cells against its electrochemical gradient and is affected by 
the increases in K concentration in the rumen; the other is an electroneutral mechanism 
associated with the transport of anions (Leonhard-Marek & Martens, 1996; Schweigel & 
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Martens, 2003). The outflow from the cells depends mainly on the activity of the Na-K 
ATPase, probably via a Na/Mg exchanger (Martens, 1985; Schweigel et al., 2000). 
Therefore, further research with isolated ruminal epithelia of cattle should be focused on 
determining the presence of these mechanisms and other factors involved in Mg uptake, by 
exposing the epithelia to different conditions and isolating the different components. 
Limitations on the present work were' the low sensitivity of the method to measure the 
stable isotopes used and the need to fine tuning the technique with very careful planning 
and execution. 
In contrast, K treatments in the in vivo experiment increased transactions of Mg within the 
intestines (Chapter 3) and, as in Chapter 2, as the net secretion in the small intestine 
increased the Mg absorbed by the large intestine increased suggesting a synergism. 
However, losses of Mg within the intestines (small and large) were unable to compensate 
for higher endogenous losses and the reduction in Mg absorbed at the rumen, especially in 
cattle. Magnesium absorption along the small intestine has been regarded as being passive, 
however an active and saturated mechanism can not be excluded (Care & van't Klooster, 
1965) and in the large intestine a similar passive process, probably associated with 
concentration of digesta (water absorption) has been suggested (Dalley & Sykes, 1989). 
The dissimilar results in net secretion within the small intestine and net absorption from the 
large intestine observed between sheep in the experiments described in Chapters 2 and 3, 
however, indicate that factors other than Mg concentration also are involved in the net 
amount of Mg absorbed within the intestines. For instance, in vitro manipulation of the pH 
of caecal digesta samples showed that Mg solubility was greater in hay than in concentrate 
diets (Dalley et al., 1997a), suggesting that pH controls Mg solubility within the intestine 
but intrinsic factors in the diet could also be involved. For instance, phosphates are 
regarded as limiting factors for Mg uptake in the intestines (Axford et al., 1983). Similarly, 
infusions of Mg in the duodenum of sheep fed pellets or hay diets suggested that Mg 
absorption from the intestines with the latter diet was proportionally lower than with the 
former (Field & Munro, 1977). Therefore, further in vivo experiment should include some 
of these factors in the determination of flow from the digestive tract; additional 
information could be obtained from the comparison of different diets. 
The high dietary Mg intake (almost 4 glday) during the course the experiment described in 
Chapter 2 could have enhanced reabsorption of Mg secreted within the small intestine and 
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masked the importance of the contribution of the large intestine. However, the amount of 
Mg absorbed from the large intestine depends on the amount of Mg that reached it from the 
small intestine, suggesting synergism between these two segments (Chapter 2 and Chapter 
3); as less Mg was secreted in the small intestine, less reached the ileum and therefore less 
Mg was absorbed from the large intestine. Unfortunately, no further attempts were made to 
pursue the effect of a range of dietary Mg intakes alone or in combination with a range of 
plasma Mg concentrations on Mg transactions along the gastrointestinal tract. Such an 
experiment has been performed in sheep (Allsop & Rook, 1979). The authors suggested 
that endogenous losses of Mg were directly and positively related to plasma Mg 
concentration, but due to the experimental design they were unable to attribute these losses 
to either greater secretion or less absorption, or where within the gastrointestinal tract those 
transactions occurred. The use of a range of intakes, plus intravenous administration of Mg 
in different concentrations, together with the use of cannulated animals will give important 
information on sites and factors that control Mg transactions within the intestines. 
In conclusion, the high susceptibility of cattle to elevated K intake was the novel 
information gained from these experiments. Under New Zealand pastoral conditions where 
high K contents are frequently observed, it is suggested that cattle are less able to absorb 
sufficient quantities of Mg from pasture to satisfy their requirements for milk production. 
Most of the absorption of Mg occurred in the stomachs of sheep and cattle, but transactions 
along the intestine were a homeostatic process that partially counterbalanced Mg losses 
from the reduction in absorption and increase in endogenous secretion caused by elevation 
ofK intake. 
Physiological studies performed on isolated ruminal epithelia of sheep and cattle 
confirmed the sensitivity of cattle to increased K intake observed in the in vivo studies. 
Magnesium uptake in cattle ruminal epithelia was greater than in sheep, but in cattle Mg 
transport was dominated by loss of Mg, presumably through a wider paracellular space. 
The rise in mucosal K concentration reduced Mg uptake in cattle but not in sheep, and this 
difference would be exacerbated by the constant Mg loss that occurs in cattle ruminal 
epithelia. 
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It is envisaged that further in vitro studies with the Us sing chambers that were developed 
here will allow better resolution of the transport systems in these species, and will help to 
explain in detail the processes that occur along the gastrointestinal tract. For instance, little 
is known of the mechanism of Mg transport in the small and large intestines or factors that 
alter Mg transport within the intestines. Observations recorded in Chapter 2 and 3 confirm 
that Mg absorption in these segments could be related to concentrations of Mg, passive 
transport or associated with the concentration of water (Care & van't Klooster, 1965; 
Dalley & Sykes, 1989). In addition, in vivo studies and differences between experiments 
for sheep recorded here also have .suggested that dietary differences and the influence of 
pH on Mg solubility and absorption in the large intestine could be investigated under 
controlled conditions using this in vitro methodology (Dalley et al., 1997a). 
As discussed in Chapter 1, endogenous faecal losses could be the major component ofMg 
balance in ruminants and further resolution of the fluxes within the gastrointestinal tract 
will give a clearer insight into the determination of net Mg absorption and, thus, 
requirements of Mg in ruminants. 
References 
Adediji 0 & Suttle NF (1999) Influence of diet type, potassium and animal species on the 
absorption of magnesium by ruminants. Proceedings of the Nutrition Society 58, 31A. 
Allsop TF & Rook JAF (1979) The effect of diet and blood-plasma magnesium 
concentration on the endogenous faecal loss of magnesium in sheep. Journal of 
Agricultural Science, Cambridge 92, 403-408. 
Axford RFE, Hughes A & Evans RA (1983) Magnesium ammonium phosphate 
precipitation and its significance in sheep. Proceedings of the Nutrition Society 41, 85A. 
Care AC, Brown RC, Farrar AR & Pickard DW (1984) Magnesium absorption from the 
digestive tract in sheep. Quarterly Journal of Experimental Physiology 69,577-587. 
Care AD & van't Klooster AT (1965) In vivo transport of magnesium and other cations 
across the wall of the gastro-intestinal tract of sheep. The Journal of Physiology, London 
177, 174-191. 
130 
Dalley DE, Isherwood P, Sykes AR & Robson AB (1997a) Effect of in vitro manipulation 
of pH on magnesium solubility in ruminal and caecal digesta in sheep. Journal of 
Agricultural Science, Cambridge 129, 107-111. 
Dalley DE, Isherwood P, Sykes AR & Robson AB (1997b) Effect of intra rumina I infusion 
of potassium on the site of magnesium absorption within the digestive tract in sheep. 
Journal of Agricultural Science, Cambridge 129, 99-105 . 
. 
Dalley DE & Sykes AR (1989) Magnesium absorption from the large intestine of sheep. 
Proceedings of the New Zealand Society of Animal Production 49, 229-232. 
Field AC & Munro CS (1977) The effect of site and quantity on the extent of absorption of 
Mg infused into the gastro-intestinal tract of sheep. Journal of Agricultural Science, 
Cambridge 89, 365-371. 
Gabel G, Martens H, Suendermann M & Galfi P (1987) The effect of diet, intraruminal pH 
and osmolarity on sodium, chloride and magnesium absorption from the temporarily 
isolated and washed reticulo-rumen of sheep. Quarterly Journal of Experimental 
Physiology 72,501-511. 
Greene LW, Fontenot JP & Webb Jr. KE (1983a) Site of magnesium and other 
macromineral absorption in steers fed high levels of potassium. Journal of Animal Science 
57,503-510. 
Greene LW, Webb Jr. KE & Fontenot JP (1983b) Effect of potassium level on site of 
absorption of magnesium and other macro elements in sheep. Journal of Animal Science 56, 
1214-1221. 
Leonhard-Marek S & Martens H (1996) Effects of potassium on magnesium transport 
across rumen epithelium. American Journal of PhYSiology, Gastrointestinal and Liver 
Physiology 271, GI034-G1038. 
Martens H (1983) Saturation kinetics of magnesium efflux across the rumen wall in 
heifers. British Journal of Nutrition 49, 153-158. 
Martens H (1985) The effect of dinitrophenol on magnesium transport across and isolated 
preparation of sheep rumen epithelium. Quarterly Journal of Experimental Physiology 70, 
587-573. 
Martens H, Harmeyer J & Michael H (1978) Magnesium transport by isolated rumen 
epithelium of sheep. Research in Veterinary Science 28, 161-168. 
131 
Schweigel M & Martens H (2003) Anion-dependent Mg2+ influx and role for a vacuolar 
H+-ATPase in sheep ruminal epithelial cells. American Journal of Physiology, 
Gastrointestinal and Liver Physiology 285, G45-G53. 
Schweigel M, Vormann J & Martens H (2000) Mechanism of Mg2+ transport in cultured 
ruminal epithelial cells. American Journal of Physiology, Gastrointestinal and Liver 
Physiology 278, G400-G408. 
Smith GS & Middleton KR (1978) Sodium and potassium content of topdressed pastures 
in New Zealand in relation to plant and animal nutrition. New Zealand Journal of 
Experimental Agriculture 6, 217-225. 
Tomas FM & Potter BJ (1976) The site of magnesium absorption from the ruminant 
stomach. British Journal of Nutrition 36, 37-45. 
132 
Appendix 1 
Description of the markers technique of continuous infusion with time-sequence 
sampling 
This methodology was developed by Faichney (1993) and it is based in two indigestible 
markers, chromium ethylenediaminetetra-acetic acid (Cr-EDTA) and ytterbium (Yb), 
which measure flow of digesta in the points of the gastrointestinal tract that is to be 
sampled. The chosen markers must be administered continuously by infusion into the 
rumen, once the equilibrium (constant concentration of marker at any point of sample) is 
achieved, after 3 to 4 days of infusion; the flow rate past each sampling point can be 
calculated as infusion rate divided by marker concentration. 
This calculation assumes that the concentrations in the sample of all constituents of digesta 
are, including the markers, the same as their concentrations in digesta flowing past the 
sampling point. 
To calculate marker concentration, each marker need to be measured from samples 
collected during the sample period. 
[M] CMxx(lIMi) IE . 1) = {. quatlOn [1] 
Where [M] is the concentration of the particular marker (P) or the soluble marker (S) in the 
whole digesta (Po, So), or the filterable fraction (PF, SF) of the digesta; CMx is the 
concentration of marker detected in the different components for Po, P F, SD and SF, Mi is 
the marker infused in litres and [I] the concentration of the infusate. 
The marker concentrations could be expressed as a fraction of the daily dose per unit of 
digest a, and per unit of filterable prepared by straining some of that digesta. If the ratio (Z) 
of markers in the sample is known the true composition of digesta can be calculated by the 
following formula (for true digesta flowing past a sampling point in the gastrointestinal 
tract distal to the rumen Z= 1): 
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(PD - ZSD) 
R = (Equation 2) (SF - PF) 
Where, S 0, SF = Concentrations of the soluble (fraction of daily dose/kg) 
Po, PF = Concentrates of the particulate marker (fraction of daily dose/kg). 
R is the reconstitution factor, i.e., the number of units of filterable that must be added to (or 
removed from) one unit of digesta to ob!ain true digesta. 
Then: ' 
STD = (SD + RSF) = PTD = (PD + RPF) (Equation 3) 
(I + R.) (I + R) 
The concentration of any constituent in 'true digesta, eTD, can be calculated by substituting 
its concentration for those of the markers in Equation 3. 
The flow of total digesta (TD) from the duodenum is equal to: 
I I 
TD = - = - (Equation 4) 
STD PTD 
And, the flow of any constituent is the product of its concentration in true digesta Equation 
3 and true digesta flow Equation 4. 
Working example: 
Cr-EDTA concentration in whole digesta (mg/l) (CM,So) 0 
Cr-EDTA concentration in supernatant (mg/l) (CM,SF) 16.7 
Yb concentration in whole digesta (mg/l) (CM,Po) 5.3 
Yb concentration in supernatant (mg/l) (CM,P F) 0 
Cr-EDTA concentration infusate (mg/l) ([IJ JJ 161 
Yb concentration infusate (mg/l) ([IJ 2Y 902 
Mean Cr-EDTA infusate volume (I) Mi 0.140 
Mean Yb infusate volume (I) 0.138 
Then, 
Po 5.3*(1/0.138) R 0.0425-0 902 0.7372-0 
Po 0.0425 R 0.06 
PF 0 PTD 0.0425+(0.06*0) 
1+0.06 
So 0 
PTD 0.040 
SF 0.7372 TD 1 0.040 
TD 24.91l/day 
.. 
--- .. _-._--.. --' 
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. Calculation of magnesium flow at the duodenum or ileum 
Substituting values of concentration of markers by the concentration of Mg present in 
samples of duodenal and ileal content in Equations 3 and 4, the flow and concentration of 
Mg was estimated 
Working example: 
Mg concentration in whole digesta (mg/l) (MgD) 
Mg concentration in supernatant (mg/l) (MgF) 
Rji-om digestaflow 
Duodenalflow rate (l/day) 
Then, 
Therefore Mg flow; 
Mgin TD 
6.18 
8.45 
0.040 
23.68 
MgD + (MgF *R) 
1+R 
6.18 + (8.45*0.040) 
1 + 0.040 
6.20 mg/100 g 
6.2 mgojMg/100g *23.681/d*10 g 
1468 mg ojMg/day or 1.47 gojMg/day 
It was assumed that 1 litre of digesta weigh around 1 kg, however errors associated to this 
assumption can not be excluded. But presumably those errors are small, since the DM 
content of the digesta passing through duodenum and ileum were around 3.67 ± 0.09% and 
7.36 ± 0.19%, respectively. Therefore, it seems unlikely that the weight of 1 I of digesta 
would be much more than 1 kg. 
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Appendix 2 
Measurement of Mg transport in isolated epithelia of sheep and cattle 
The volume of the reservOIrs was assessed usmg a standard solution of chromium 
ethylenediaminetetra-acetic acid (Cr-EDTA) and the following formula (1): 
v c (1) 
v = total volume (m!); VI = volume ofinfusate added (m!); CI = chromium concentration of 
infusate (gil); C = concentration ofCr-EDTA on the sample (glml). 
The flux of Mg across the epithelium was calculated according to the method described by 
Martens et al. (1978): 
J~;, J~g = unidirectional fluxes ofMg (mmol.cm-2.h-J), ms = flux from the mucosal to the serosal 
side, sm = flux from the serosal to the mucosal side; XMgJ.o= concentration of the stable isotope of 
XMg in the buffer solution at times to and tJ (nmollm!). Vo. J= volumes of the bathing solution at to 
and t J (ml); T= time interval between sampling (h); A = area of epithelium exposed in the chamber 
(cm2). 
J Mg M M The net transport ( net) was calculate by subtracting J smg to J m; . 
Working example: 
The volume of the reservoirs was (1): 
Then, 
V 
CJ (mg/l) 
C (mg/l) 
VI (ml) 
0.1*1730 
11.9 
1730 
11.9 
0.1 
14.56 ml +Iml** 
15.56 ml 
Therefore, unidirectional transport ofMg could be evaluate using (2) 
Then, 
And, 
Net transport is 
Concentration oj24Mg serosal side, time 0 
Concentration oj25 Mg mucosal side, time 1 
Concentration oj24Mg serosal side, time 0 
Concentration oj25 Mg mucosal side, time 1 
Volume 24Mg tO,t1 (ml) 
Volume 25Mg tO,t1 (ml) 
Area (cm 2) 
T(h) • 
2.01.2* 16-182.9* 16 
3.14*1 
93.25 nmol.cm-2.h-1 
67.2 * 15-50.8* 15 
3.14*1 
93.25-78.34 
14.91 nmol.cm-2.l(' 
182.9 
201.2 
50.8 
67.2 
15.0 
16.0 
3.14 
1.0 
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** Because 1 ml samples were taken before the addition of Cr-EDTA and no replaced, 1 
ml was added to the calculation of the volume of the reservoir. 
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Appendix 3 
The surgical preparation of sheep 
Rumen cannulation 
The knowledge of the function of the rumen has been greatly enhanced through the use of . 
cannula that permit intervene the ruminal environment and also minimise the interference 
with the process of digestion. A 'variety of elements had been used to elaborate those 
devices from rigid forms made of metal or plastic to flexible forms made of polymers of 
plastic, vinyl or silicone (Komarek, 1981b). 
The surgical procedure was performed according to the method described by Hecker 
(1969) and modified by Godwin & Chaffey (1988) as follow: 
The animals were fasted 24 h previous to the surgery. Fifteen minutes before the surgical 
procedure I-ml (SC) of atropine sulphate (Phoenix Pharo Distribution) was administrate 
subcutaneously as premedication. Before the animal was given a general intravenous 
anaesthesia using 25 ml of Pentobarbitone sodium (NembutaFM, Virbac Laboratories (NZ) 
Ltd.), the left dorsal part of the abdomen was shearing of wool and the skin disinfected 
with mild quaternary rinse solution and generic alcohol till clean. The surgical time 
provided by the anaesthesia was of around 20 minutes. A vertical incision about 5 em long 
was made about 3 em caudal to the last rib and 3 em ventral to the transverse process of the 
first lumbar vertebra. The abdominal muscles and peritoneum were separated by ~lunt 
dissection. The rumen was drawn through the opening and helped temporarily with Allis 
forceps, a small incision of around 2-3 em was made in the section free of major blood 
vessels. A continuous simple suture with Pylipropilic acid suture size 1 (VirsoFM) was then 
placed through the skin and the rumen wall, a second single point with Nylon was placed 
in the ventral part of the incision and buttons were used as approximation points. 
A rubber cannula was partially everted by pushing the flange through the neck of the 
cannula. The folded cannula was then inserted though the incision and pushed inward until 
the tissue surrounding the incision tightly holds the neck of the cannula. The flange of the 
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cannula was then allowed to revert to its original shape. A polyvinyl chloride (PVC) plate 
was placed over the cannula neck and rubber stopper is held in the neck of the cannula 
with blunt syringe needles. A topical antibiotic (AureomycinTM) and intramuscular 
penicillin (Penstrep L.A.TM) as prophylactic measured are administrated. The post-surgery 
period involved nursery, placing in recovery pens and limited diet to assure a good recover. 
Duodenal and ileal cannulae 
Two types of have been used the re-entrant and the T -shaped cannula, the former have 
several inconveniences such as the interruption of the intestinal motility, blockage of flow, 
vulnerability of the external portion to mechanical disturbance, and short functional period 
(Komarek, 1981a) T-shaped cannula, avoid some of these problems because cause less 
disturbance in the transit of digesta and can be maintain for a long period of time (Borhami 
et al., 1980). 
The surgical procedure consists in a variation of the method described by Hecker (1974) as 
follow. 
Pre-surgical procedures were similar to the used on rumen cannulation; animals were 
fasted for 24 h, and premedicated with 1 ml of Atropine sulphate· (Phoenix Phar. 
Distribution) subcutaneously 15 minutes previous to the administration of a general 
anaesthetic. The right flank of the abdomen was sheared of wool and the skin disinfected. 
The animal was given general intravenous anaesthesia using 25 ml of NembutaFM that 
gives around 20 minutes of surgical time. A vertical incision of around 10 cm long was 
made about 5 cm caudal to the last rib and 5 cm cranial to the join and 3 ventral to the 
transversal process of the third lumbar vertebra. The abdominal muscles and peritoneum 
were separated by blunt dissection. The duodenum was found cranial to the incision and 10 
cm of gut (7 cm caudal to the pylorus) took through the opening and help temporarily with 
forceps. The ileum was found caudal to the abdominal incision and exteriorised 7 cm 
cranial to the ileo-caecal junction and helped temporarily with forceps. The followed 
procedure was similar: A purse-string suture with Pylipropilic acid suture (VirsoFM) was 
made around area of 2-3 cm long. The area was then incised and the cannula pushed 
through the surgical wound, the gut wall was tightened around the neck of the cannula. The 
intestine was then introduced into the abdominal cavity and the cannula was taken out 
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through a separate stab wound a few centimetres cranial or caudal from duodenum or 
ileum, respectively, to the abdominal incision and orientated to allow the contents flow in a 
ventral-dorsal direction. PVC plate and PVC brace ring were placed over the cannula neck 
and a 5 ml syringe plunge place into the cannula and held in with small steal wire. 
The abdominal incision was sutured with a simple continue suture using Pylipropilic acid 
(VirsoFM) by layers, first peritoneum and then the muscle layers. The skin was sutured 
separately with a simple continuo suture with nylon. A topical antibiotic (Aureomycin™) 
and intramuscular penicillin (Penstrep L.A. TM) as prophylactic were administrated. The 
post-surgery period involved nursery, placing in recovery pens and limited diet to assure a 
good recover. 
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